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ABSTRACT 


Investigation of aircraft wreckage does not provide 
crash investigators with adequate information. Crash-pro- 
tected flight recorder data is invaluable when determining 
accident cause factors. Inertial navigation systems pro- 
vide an excellent source of highly accurate flight para- 
Meters. Nonvolatile solid state memory is available which 
Can replace failure prone magnetic tape recording in flight 
recorder systems. Microprocessors are available with the 
capability of compressing flight data for solid state memory 
Brorage, Data compression trials indicate that a flight 
data recording system using microcomputer preprocessing and 


nonvolatile solid state memory is feasible. 
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L. TNT RODUCTIOCN 


tiewcomplexity and COSt of military aircraft have contin- 
ued to increase along with demands for higher performance and 
Seasety. Unfortunately accidents continue to occur and in 
some instances two, three and even more aircraft of the same 
type have crashed before the cause can be determined. This 
loss of high value aircraft and the possibility of crew in- 
jury or death has been allowed to continue while a proven 
source of accident information continues to be overlooked. 

The use of recorded flight data. in accident investigation 
has expanded widely in recent years and in many instances has 
been the only source of evidence which could be us'ed to estab- 
lish the cause of a crash. Crash-protected flight data re- 
corders have been required on large civilian aircraft since 
meeeebut are still not carried on most military aircraft. 

This thesis is a study of the development of flight data 
recording systems and their design for military aircraft. 
Beeetzon If is a history of flight data recording including 
a description of equipment and data recovery methods. Sec- 
tion III describes future flight data recording systems and 
a proposed design for use in military aircraft. Section IV 
describes the data compression trials which were carried out. 
The conclusions and recommendations of this report are pre- 
sented in Section VI. Appendices A to F include a descrip- 


tion of solid state memory technology and the programs used 





Po the data compression trials along with listings and 


plots of original and compressed data. 
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Lig Bee RAPT FLIGHT DATA RECORDERS 


A. HISTORY OF FLIGHT DATA RECORDING 

Since the early days of aviation, flight data recording 
has progressed from simple handwritten notes to highly so- 
phisticated digital systems which record millions of measure- 
ments during the period of a single flight. The recorders 
principal use, until recent years, was for flight test moni- 
meomang and the acquisition of airworthiness data. It is now 
used extensively in accident investigations. The role of 
Flight recording in aircraft accident investigation and pre- 
memeLoOon iS summarized in Refs. 1, 2 and 3. 

For. many years the precrash condition and performance of 
an aircraft, which had been involved in an accident, was 
derived from examination of the wreckage, studying mainten- 
ance records, weather information, flight operation oes and 
human factors. Ground witnesses were the primary source of 
information concerning the aircraft's flight path and maneu- 
vers. The difficulties of wreckage analysis vastly increased 
mead the introduction of high performance aircraft. MThe 
higher operating speeds and greater structural mass greatly 
increased the release of energy and the extent of disintegra- 
mien at the time of impact. Pn-addition, Higher altitude 
flight and longer flight times reduced post-crash knowledge 


of the operational features of the flight. 
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As a result of widely expressed demands by investigating 
authorities and flight safety organizations, regulations were 
established for the carriage of flight data recorders on 
large civilian aircraft. These mandatory requirements gave 
considerable momentum to the further development of advanced 
flight data recording systems and their use in accident inves- 
tigation and performance monitoring. 

The following is a brief history of the development of 
Federal Aviation Administration (FAA) Teoma Lone governing 
flight recorder utilization and technical standards [Refs. 4 
arid 95 |. 

The first civil air regulation on flight recorders was 
issued in April 1941. It required air-carrier aircraft to 
record altitude and whenever the radio transmitter was turned 
on or off. The compliance dat& was delayed a number of times 
until finally in June 1944 the requirement was rescinded due 
to maintenance difficulties and lack of replacement parts 
for the recorders. A similar regulation was issued in Sep- 
tember 1947 requiring aircraft of 10,000 pounds or more to 
record altitude and vertical acceleration. Again this regu- 
lation was rescinded in July 1948 due to lack of suitable 
recording equipment. 

Pinay iInelJo/;eatcer nine years of study, the Civil 
Aeronautics Board adopted regulations requiring flight re- 
corders to be installed, by September 1957, in all air-car- 
rier aircraft which were over 12,000 pounds and operated at 


altitudes above 25,000 feet. The parameters to be recorded 
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were airspeed, altitude, direction, vertical acceleration 
and time. In September 1959, these regulations were amended 
to require the retention of flight records for 60 days and 
the operation of the flight recorder from the beginning of 
the takeoff roll to the end of the landing roll. 

The regulations were amended again, effective September 
1972, to require the recording of data from which the time 
of each radio transmission to air traffic control could be 
determined. Effective September 1973, all large aircraft 
which were certified after September 1969 and operate above 
25,000 feet or are turbine powered were required to be 
equipped with an expanded parameter flight recorder. The 
additional parameters required were: pitch attitude, roll 
Beeeeude, Ssideslip angle or lateral acceleration, pitch trim 
Posmtion, control column or pitch control surface position, 
control wheel or lateral control surface position, rudder 
pedal or yaw control surface position, thrust of each engine, 
position of each thrust eee ee and trailing edge flap or 
Seeecmpit Elap control position. Effective March 1974, each 
recorder had to be equipped with a device to assist in locat- 
ing the recorder under water. 

fac seeoeGiicdiamens Nave resulted tn the installation of 
peaem protected flight recorders in all large civilian transport 
aircraft registered in the United States. The flight data 
recorder has added a new dimension to the investigation of 
accidents by supplying detailed information about pre-crash 


conditions. It has increased the speed and accuracy of 
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accident investigations and has made possible analysis of 
mmenwcomplLex Interactions between the £lightcrew, the air-= 


craft and the environment. 


B. FLIGHT DATA RECORDING EQUIPMENT 

At present there are two types of crash protected flight 
data recorders used by United States civilian air-carriers. 
The older type flight data recorder (FDR) has electromech- 
anically operated styli which scribe a permanent record of 
the data on a metal foil recording medium. Pressure altitude, 
indicated airspeed, magnetic heading and vertical accelera- 
tion are recorded against a base of elapsed time. The newer 
type digital flight data recorder (DFDR) records a much wider 
range of aircraft flight data on magnetic tape. A flight 
data acquisition unit (FDAU) is used to access analog data 
from various sensors and transmitters in the aircraft and con- 
vert the data to digital form for transmission to the DFDR. 

A typical FDR is uamuocimeca Aircraft Service Company 
MOdel 109-cC [Ref. 6]. It is housed ina 15 inch diameter, 
insulated, stainless steel sphere and has an aluminum foil 
recording HegeuUm mews Ch scan record up toO.Z00 hours of data. 
The foil is contained in a stainless steel cassette and is 
fed over a teflon coated platen, which is part of the cas- 
sette wall. The recording styli are mounted so that they 
contact the foil surface. Altitude and airspeed are sensed 
from the aircraft pitot and static pressure systems and the 


recording styli are positioned mechanically in response to 
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changes in these pressures. An alternate source of altitude 
and airspeed is the central air data computer (CADC). Mag- 
netic heading is obtained from the #2 aircraft compass sys- 
tem and vertical acceleration is obtained from an 
accelerometer located close to the aircraft's center of 
gravity. Like the altitude and airspeed from the CADC, mag- 
netic heading and vertical acceleration are servo signals 
which position the recording styli using servo motors. The 
Sundstrand Data Control Model F-542 and Fairchild Industrial 
Product Model 5424 are two other versions of the FDR. 

A typical DFDR is the Lockheed Aircraft Service Company 
Model 209 [Ref. 7]. meer econmas 1,67O0m bits of digital data 
per inch, at 0.46 inches per second, on mylar magnetic re- 
cording tape. There are six data tracks with over four 
hours of data on each track. Tracks 1, 3 and 5 are recorded 
in the forward direction and tracks 2, 4 and 6 in the reverse 
direction. After all six tracks have been used, and more 
than 25 hours of data have been stored, recording is resumed 
on track 1, eraSing the previous data. This recorder is 
used with a FDAU which generates the timing signals required 
to define bit, word, subframe and frame times. Each frame 
of data contains four subframes, and each subframe contains 
64 12-bit words representing one second of digital data. The 
first word of each subframe is a synchronization word, pro- 
vided by the FDAU, which signals the start of a new subframe. 
The FDAU also converts the data to Harvard Bi-phase format, 


mma transmits it to the DFDR in serial form. The Sundstrand 
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Data Control Model 573A is another version of the DFDR. 

There are 3 companies in the United States who supply 
digital flight data systems using the Lockheed or Sundstrand 
DFDR. They are Garrett AiResearch, Hamilton Standard and 
Teledyne Controls. The recording system consists of a DFDR, 
FDAU, flight data entry panel (FDEP) and the required trans- 
ducers and sensors throughout the aircraft. The FDEP allows 
the flightcrew to enter documentary data such as flight num- 
ber and date on the recording medium. These systems are 
being used primarily on the new generation of wide=bodied 
aircraft, the Boeing B-747, Douglas DC-10 and Lockheed L-1011. 

The main concern in recorder design, aside from the 
Operational and recording accuracy requirements, 1S surviv- 
ability of the recording medium in an accident. Protection 
Must be provided against the crushing, penetration and ac- 
celeration forces of impact or explosion. The recorder 
must also be able to survive exposure to fire, immersion in 
sea water and the chemical attack of hydraulic, de-icing and 
fire extinguishing fluids, fuels and acids. Survival of the 
recording medium is primarily ensured by built-in protection, 
but the recorders location in the aircraft was also found to 
be an important factor. Experience during the early years 
of accident investigation indicated that the rear fuselage 
and tail structure are most likely to survive, or be least 
severely damaged, even in amajor accident. Federal Aviation 
Regulations requiring recorders to be moved as far aft in 
the fuselage as possible have greatly improved the recording 


mediums chances of survival. 


16 





Dicmnlagitenecobdechomusedain United States military air= 
craft are installed in an ejectable airfoil package to help 
ensure their survivability. The airfoil system, developed by 
Leigh Instrument Limited, is being used in the USAF C-135, 
C-141 and C-5A transport aircraft and is being installed in 
the USN P=-3C. 

When crash sensors, which are located in the aircraft's 
wingtips, nose and undercarriage area, detect aircraft struc- 
tural breakup or deformation, they cause the airfoil package 
to eject from the aircraft. The package 1s mounted as far 
aft as possible to ensure maximum probability of survival. 

If the airfoil does not eject before the aircraft strikes the 
ground the rear structure will normally retain its forward 
velocity long enough to ensure a good airfoil departure. 
Airflow over the airfoil then allows it to generate lift and 
fly away from the crash site. The aerodynamic properties of 
the airfoil cause it to fly in an are and rapidly slow to 
terminal velocity and achieve a safe landing. The airfoil 
contains a radio beacon which is activated when the airfoil 
1s separated from the aircraft. It transmits an emergency 
distress signal to aid location of the crash site and the 
Perghnit recorder. 

The Leigh Instrument Limited AN/ASH-20(V) flight recor- 
der/flocator system is being installed in the P=-3C aircraft 
[Ref. 8]. This system includes a magnetic tape recorder, a 
beacon locator, a recorder electronics unit and a recorder 


control unit. The tape recorder and beacon locator are 
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contained in the airfoil package described above. The 8- 
track, bi-directional, cassette tape recorder preserves 30 
Mmnmrctes OfeeEli ght data and audio signals. Four,tracks 
(three audio and one data) are utilized in each direction. 
The recorder electronics unit samples 32 channels of data 
from the aircraft instruments and special transducers and 
Processes it into 9=-bit digital words. It also amplifies 
audio signals from the aircraft interphone system before 
they are recorded. The recorder control unit is located in 
the flight deck and allows crew members to monitor system 
status and voice recording gqguality. The beacon locator sys- 
eemewitll transmit a 250 milliwatt, omnidirectional signal 
for a minimum of 48 hours and can be detected at a range of 
more than 50 miles from a height of 10,000 feet. 

The system is being installed to aid accident investiga- 
tion personnel in determining crash causes, to help prevent 
Similar crashes, to aid search aircraft in locating and 
Meseurng aircrew from crashed aircraft and to provide air- 


Gpuatt Maintenance information. 


Ce DATA RECOVERY AND ANALYSIS 

The equipment required to recover data from the recording 
‘medium depends upon the type of flight recorder used and 
ranges from high resolution coordinate meaSuring equipment 
to digital computers. 

The data recorded on the metal foil of an FDR is recovered 
using a high accuracy optical readout machine. Measurements 
are made by following the scribed traces with a moving micro- 


scope and logging the X and Y coordinates in inches of 
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Microscope movement. These values are then plotted on a graph 
with appropriate scales for analysis of aircraft operation. 

Data from the DFDR is recovered uSing a computer based 
Seound processing station. Since the DFDR tape is not com=- 
patible with the computer,the data must first be transcribed, 
in the correct format, onto a 9-track computer tape. This data, 
along with information on the airline and type of aircraft 
involved, may then be processed on the ground station computer 
of any large computer facility. Various analysis programs 
have been developed to reduce the data and display it in 
readable formats. These include second=-by-second listings 
and Bile ts of selected parameters versus time. 

The National Transportation Safety Board (NTSB) has the 
responsibility of investigating civil aircraft accidents, 
reporting their probable cause and making safety recommenda- 
tions to help prevent future accidents. During the 14 year 
period from 1959 to 1973 NTSB reviewed 509 accidents involv- 
ing FDRs and four involving DFDRs [Ref. 6]. Recorder mal- 
functions or accident damage prevented readout of data in 
8% of the FDR cases,but after they were relocated to the 
aft of the aircraft only one recorder received damage which 
prevented data readout. 

NTSB has recently installed a complete data reduction 
station to process data from flight data recorders [Refs.9 and 
The heart of the system is a minicomputer (PDP-11/40) with 
24K of core memory and a disk operating system. Peripherals 


include a CRT terminal, two 9-track magnetic tape drives, a 
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high speed printer/plotter and a paper tape reader and punch. 
Specialized hardware includes two DFDR readers which reformat 
the Harvard bi-phase serial data into 9-track computer com- 
Datible format. There is also an interface to transfer the 
X-Y coordinate data from the FDR readout machine into the 
computer. The system software includes a program for convert- 
ing raw data into the original parameter values and a search 
iPectine for locating a specific flight record. There are 
also limit exceedance, Max-min, plotter and print routines. 
Interaction between the operator and computer is via the 
terminal in question-answer mode. 

The NTSB plans to adapt an existing routine to the PDP 
ima) which will prepare a ground track of the aircraft from 
the recorded data. The flight recorder data is first cor- 
rected for estimated meteorological conditions,and any 
available radar or other position data,to give estimates of 
the geographical position of the aircraft, its heading, and 
ground speed. This will be very useful in cases involving 
thunderstorm activity, wake turbulence and midair collisions. 
Meewill also aid in determining whether the flightpath of 
the aircraft was consistent with its aerodynamic characteris- 
rae S . 

In several recent accidents involving large transport 
aircraft the investigators were highly dependent on data from 
the DFDR since examination of the wreckage gave no clue to 
the cause. In these cases DFDR data was sufficient to estab- 
lish the accident cause factors. In one accident it was 


possible to use the recorded data to reconstruct the aircrafts 
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Motlon in space by employing the airframe manufacturers 6- 
degree-of-freedom computer simulation of the aircraft. The 
results showed that the flight path was consistent with the 
Poraolished aerodynamic characteristics of the aircraft. 
This led the investigators to conclude that the aircraft 
and its systems were not factors contributing to the accident. 

The NASA Ames Research Center has recently investigated 
advanced data processing methods for combining FDR and DFDR 
data with Air Transport Control (ATC) radar recordings, wind 
and temperature profiles, aircraft aerodynamic data, etc. 
The basic objective was to develop the capability to derive 
a number of additional parameters which were not originally 
recorded. The preliminary results indicate that the derived 
Quantities are in good agreement with the actual values 
Peet. llj. 

Ames Research Center has also used its flight simulator 
Facilities to derive the wind forces which were acting on 
an aircraft. The DFDR, aerodynamic and engine data combined 
with the equations of motion of the aircraft were fed into 
the simulator. The simulators response was compared with the 
actual response of the aircraft and the forces required to 
make the two responses the same were attributed to wind. 
The advanced methods of data processing, developed at Ames 
Research Center, are applied in Support of NTSB accident in- 
vestigations. 

The information recorded by flight recorders has become 
vitally important in the understanding of the subtle causal 


mactOrs Of aircraft accidents and the prevention of future 


Zu 





accidents. Wreckage no longer produces sufficient informa- 
tion to assess the causal factors of accidents. Data cannot 
be obtained by examining the complex hardware and avionics 
circuits, such as automatic flight control systems and 
navigation receivers, once power has been removed. Informa- 
tion retrieved from the flight data recorder has made more 
precise accident cause determination possible. It has also 
provided technical substantiation for recommended solutions 


to safety problems. 
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aA ee PULURE PREGORDING Ss STEMS 


A. BDU S TRY eee 

Advances in flight data recorder technology, particularly 
those designed to Aeronautical Radio, Inc. (ARINC) standards, 
have made the recording of additional data technically and 
economically feasible. The increased recording capacity and 
wider parameter coverage of these recorders will undoubtedly 
metend their range of application. 

The NTSB believes that additional information is essen- 
mia to the conduct of thorough and expeditious accident in- 
vestigations and has recommended the mandatory recording of 
additional parameters. Investigations of recent accidents 
involving wide-bodied transport aircraft have shown that 
additional parameters would have provided a more complete 
understanding of the underlying causal factors, and would have 
produced more effective measures to prevent future accidents. 

The new generation of wide-bodied aircraft, which are 
being used by all major airlines, cannot be effectively main- 
tained using standard maintenance procedures. In order to 
cope with the extreme complexity of these aircraft, the air- 
lines have started using on-board and ground processing of 
Flight data. Their main objectives are to reduce maintenance 
costs, improve aircraft availability, increase flight safety 
and increase the effectiveness of flight crews in aircraft 


Operations. 
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To meet these data processing objectives,a wide range of 
aircraft integrated data systems (AIDS) have been developed 
for use by the airlines. They are built to meet ARINC 
characteristic 573, which specifies a standard installation 
for the basic flight recorder system and provides the expan- 
sion capability needed for a wide variety of AIDS [Ref. 12}. 

mhe primacy role of ADS is to record in-flight aircraft 
data for subSequent procesSing and analysis on the ground. 
Various system configurations may be employed to meet an 
airline's needs based on parameters of interest and the end 
use of the data. Applications range from crash-protected 
mecording of flight data for accident investigation to on- 
board processing and recording of real-time data and further 
analysis at a ground processing center. Airlines may add 
just a few additional sensors or go to more complex AIDS by 
adding additional signal. acquisition units, other recorders, 
a computer, data compression system, etc. [Ref. 13]. 

The airlines and NASA Ames Research Center have been suc- 
Sesstul in utilizing flight recorder data, voice recorder 
data, radar track and meteorological data to recreate air- 
craft accident conditions on flight simulators. However, in 
many cases the data available requires considerable extra- 
polation before it is suitable for use in the flight simula- 
tor. In order for flight simulators to become a truly effec- 
tive accident investigation tool, data from advanced flight 
data recorders must be readily available. Conclusions and 
mBecommendations concerning the role of the flight simulator 


in aviation safety are contained in Ref. 14. 
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Most current high value aircraft are equipped with iner- 
tial navigators which are another potential source of data 
that could easily be adapted to flight simulators. If iner- 
tial navigator parameters were recorded on every flight, they 
could be used to improve the equations of motion used in 
simulator mathematical models. The simulator would then more 
closely represent real world characteristics and could more 
easily be used to recreate accident conditions. They would 
greatly increase the effectiveness of accident investigations 
by providing a means of testing various hypothesis of what 
occurred and should be used to validate solutions and correc- 
tive actions. 

The U. S. Navy Test Pilot School has carried out a feasi- 
bility study to determine if an inertial navigation system 
(INS) could be utilized to derive the parameters which are 
conventionally used to describe an aircrafts motion [Ref. 15]. 
They found that accurate earth-referenced aircraft attitude 
Picormation could be obtained directly from the INS. By 
transforming the North, East and vertical velocities from 
the INS into velocity components along the aircrafts three 
body axes, attitude rate, accelerations, velocities, angle 
Gi Betack and sideslip were calculated. The North and East 
components of wind were determined by comparing air data 
computer true airspeed with INS airspeed. Results indicated 
that traditional parameters were easily obtained with higher 
accuracy and much less noise. Parameters normally not avail- 
able could be computed and the cost of purchasing and in- 


stalling sensors was eliminated. 
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Loci Halil tomestandard proposed a crash data retrie= 
Poeecystem for military aircraft [Ref. 16]. They plan to 
use microcomputer preprocessing along with solid state mass 
data storage and large scale integrated and hybrid electronic 
circuits to reduce the cost, size and weight of their system. 
Lockheed Aircraft Service Company and Leigh Instruments 
Limited are also looking at solid state memory and micropro- 
cessors for possible use in their systems. 

The importance of recorded flight data in crash investi- 
gation has been demonstrated again and again. The equipment 
and methods for highly complex flight recording systems are 
evatlable. Unfortunately most military aircraft still do 


Metmearry Clight recorders of any kind. 


De A PROPOSED SYSTEM FOR MILITARY AIRCRAFT 
l. Design Restrictions 

Most flight data recorders have been designed for use 
in large transport aircraft and so are not entirely suitable 
for smaller military aircraft. Their lower inertia and more 
rapid responses mean that extremes of maneuverability and 
attitude will often be encountered and the sampling rates of 
many parameters will have to be very high. There will also 
be size and weight restrictions on small military aircraft 
which were not as critical in transport aircraft. MThe pre- 
Cise position of the recorder in relation to surrounding 
items of high mass is also important, particularly in the 
rear-engine case. Finally the question of cost must be con- 


Sidered. In these days of multi-million dollar military 
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pEeeCrattethe relative cost of a crash-protected £light data 

recorder system will be very small, but it goes without say- 
ing that installation and maintenance costs must be kept as 

low as possible. 

The proposed flight data recording system [Fig. lj] 
incorporates recent advances in computer and solid state 
memory technology to cope with the cost, size, and weight re- 
Strictions of military aircraft. It is also designed to cope 
with their extreme operating conditions as well as provide 
greater reliability and survivability of the recording medium. 

2. Solid State Memory 

The proposed system has a solid state recording medi- 
um rather than the standard magnetic tape. The tape recorder 
waemctitinated since 1 ts the most failure prone component 
fie lLight data recording systems. This poor reliability is 
due mainly to the fact that tape recorders are complex elec- 
tromechanical devices with many moving parts. As a result 
they require periodic maintenance such as lubrication, head 
cleaning and alignment to prevent loss of data. The capa- 
bility of tape recorders is also limited because of their 
Fixed recording and playback rates and relatively long start 
and stop times. There are also the basic design problems of 
wow, flutter and jitter as well as skew in multitrack sys- 
tems which contribute to the bit error rate. 

High density nonvolatile solid state memories, cap- 
able of replacing tape recorders, are just now becoming 


available. They have the advantage of high reliability due 
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to no moving parts and no maintenance requirements, as well 
aismbeing easier to protect against crash damage. Solid state 
memory can easily handle bursts of data which may occur prior 
to a crash since its data rate is only limited by memory 
cycle time. Since the rate of data storage can be easily 
adjusted, only significant data need be stored and ground 
processing time is greatly reduced. 

The memory technologies that best lend themselves to 
this role are: metal nitride oxide semiconductor (MNOS), 
Floating avalanche metal oxide semiconductor (FAMOS), mag- 
netic domain bubble, charge-coupled device (CCD) and comple- 
mentary metal oxide semiconductor (CMOS). Each type has 
drawbacks and limitations but research and development is 
Gemieinuing in most areas. A description of the various 
solid state memory technologies is contained in Appendix A. 

CCD and CMOS memories are basically volatile and so 
require battery power to prevent loss of data [{Ref. 17]. 
They have the advantage of being relatively mature techno- 
logies with proven reliability and are readily available. 
FAMOS and MNOS are basically nonvolatile but only MNOS is 
being actively developed [{Ref. 18]. Unlike conventional 
random access memories, MNOS must be erased before data is 
rewritten. Presently erase time 1S one to two seconds and 
the number of erase cycles is limited to from 10° Ee Wee 
Write time is also high (from one to two milliseconds) and 
Gmip density is low (1K to 2K bits). The goal of current 
research is a 1l microsecond write, a1 microsecond erase 


0 
and 10 erase/write cycles before failure. Bubble memory 
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is by far the most promising technology to replace magnetic 
tape [Refs. 19 and 20]. Like MNOS it is nonvolatile and 
like CCD and CMOS it has very high storage density and does 
not require an erase cycle. Bubble memories are not pres- 
ently available, but Hatachi, Ltd. of Japan has announced 
a 256K bit bubble memory, uSing 16K chips, which is to be 


available in 1976. 


oe Micnocomputere: repuocessing 
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Another new feature of the proposed system is micro- 
computer preprocessing of data. Tape systems are limited to 
a constant data rate because of the fixed recording speed 
and relatively long start and stop times. This inefficient 
use of memory cannot be tolerated with the relatively small 
solid state memory. ° 

The microcomputer compresses the data by eliminating 
the recording of redundant data and data which changes within 
an acceptable tolerance [Section IV]. Since microprocessor 
instruction time is less than 10 microseconds and the number 
of parameters will be less than 100, a minimum of 1000 in- 
Structions will be available to process each parameter dur- 
ing a second. This should allow each parameter to be sampled 
up to 25 times per second,since only the basic arithmetic 
and logical functions are required. The only division and 
Multiplication operations in the compression algorithm in- 
volve the number 64 so they can be carried out using right 
Semleft shifts. 

The high sampling rate of this system will easily 


handle the rapid parameter changes which may occur prior to 
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imeineident or crash. Since memory size is limited, the sys- 
tem must be set to provide the best balance of data rate to 
data retention time. 

There are a number of excellent microprocessors which 
could be dedicated to this role. The lower cost of the one- 
chip NMOS microprocessor and its adequate capability indicates 
that it is the best choice. The bite-slice bipolar TTL micro- 
processor could also be used ina 12-bit word format to match 
the normal word size of the analog to digital converters. 

A microprocessor results when an arithmetic logic 
mime (AbD) and central processing unit (CPU) control function 
are implemented on one, or a small number of large scale in- 
tegrated (LSI) chips. When all five of the major computer 
mibsystems; CPU-control, ALU, memory, input and output are 
contained in a small set of LSI packages, and a source of ex- 
ternal power and timing clock are applied, the system is 
called microcomputer. The microprocessor contains the basic 
Semcrol Logic, the circuitry for decoding instructions and 
miemmegic Clrcuits for processPng arithmetic functions. 

Both read/write random access memory (R/W RAM) and read only 
memory (ROM) types are required [Appendix A]. Most micro- 
processor programs are permanently encoded in ROM and data 
is stored in R/W RAM. PnAputc/Outouc GLErcuLty 1s used to 
interface the microcomputer with peripheral equipment. 

The characteristics of interest in a microprocessor 
mee COntrolled by the performance achieved using a particular 


fabrication method [Appendix A and Refs. 21-23]. The first 
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Mecroprocessors were a byproduct of P-channel metal oxide 
semiconductor (PMOS) solid state memory research and were im- 
plemented on a standard 16 pin circuit package. To conserve 
Space and pins, both internal and external interconnections 
were made using a 4-bit bidirectional multiplexed data bus. 
Since both address and data could not be on the bus at the 
Same time, cycle time was high (10 to 20 microseconds). ULike 
PMOS memory, multiple power supplies were required. 

The next generation of microprocessors were implemented 
on a 40 pin package and used N-channel metal oxide semiconduc- 
Een (NMOS) technology. They had most of the features of a 
Seno be Minicomputer including: direct memory addressing, in- 
terrupt facilities, unlimited subroutine nesting, separate 
8-bit address and data buses and reduced interface circuitry. 
The higher speed of NMOS and elimination of address and data 
multiplexing allowed reduction in cycle time from 2 to 20 
microseconds. 

Bipolar transistor-transistor logic (TTL) technology 
is also being used to produce microcomputer building blocks. 
Because of TTLsS high power dissipation, a complete processor 
cannot be put in one LSI package. Instead several packages, 
each containing a two of four-bit slice of the processor, 
are cascaded to make a complete processor of the desired 
word size. These types of processors are designed to be con- 
Peel ted by a microprogram which may be on another chip in the 
set, or in an external ROM. The microcycle time is 100-200 


nanoseconds but since a number of microinstructions are required 
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Be execute a program instruction, cycle time is typically 
one microsecond. Bit-slice microprocessors are normally 
used for designing general purpose computers or special pur- 
pose high speed controllers. 

Bipolar 171 technology is also being developed for 
use in microprocessors. It yields circuitry that is as small 
as MOS, as fast as TTL and consumes only 1/100 the power of 
oe Lice 

Although the architecture of microprocessors may 
appear primitive when compared with conventional computers, 
they are amazingly powerful. Since instruction execution 
times are on the order of two to nine microseconds, rela- 
tively fast real-time programs can be written. Furthermore, 
[imeem zocess requires higher speed, several processors can 


be used in parallel to meet the speed requirements. 
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IV. DATA COMPRESSION TRIALS 


Several data compression trials were carried out as a 
mipest Step in proving the design of the proposed flight re- 
corder system. The DFDRs used in civilian transport air- 
craft record data at a constant rate of 64 12-bit words per 
second and are designed to retain the last 25 hours of 
meee Gata. This amounts to more than 69 million bits. 

At that data rate the proposed 1lOOK solid state memory would 
Demable to retain data for only two minutes before it is 
Overwritten. This would not be sufficient data to determine 
the cause of a crash in most cases, even though the flight 
Weare ton OfSmMilitary aircraft is much Shorter than most 
meansport flights. 

A data compression method was regquired which would in- 
crease the retention time of significant data while still 
recording sufficient new data. The basic criteria used in 
compressing the data was to eliminate redundant information 
so that only data which gave significant new information 
about a flight would be recorded. 

A 9-track computer compatible magnetic tape containing 
DFDR data was obtained from the NTSB Bureau of Aviation Safety, 
miema Gata base for the data compression trials. This tape con- 
tained the complete data, from takeoff to landing, of a 
10.8 hour flight which encountered approximately five minutes 


of severe turbulence. It was felt that this data would give 
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a good indication of how a wide range of parameters react to 
Pme various modes and conditions of flight. The turbulent 
period would also give an indication of the density of data 
which could be expected from highly maneuverable military 
aercraft. 

The DFDR data tape was recorded at the Bureau's flight 
data recorder laboratory, using a Digital Equipment Corpora- 
tion (DEC) PDP 11/40 computer and was completely compatible 
with the PDP 11/50 computer at the Naval Postgraduate School. 
The PDP 11/50 facility has extensive tape handling capa- 
bility, a high speed printer and a number of video display 
terminals for program entry and execution. The UNIX C high 
level language and an excellent text editor capability are 
also available. 

Three "C" language programs were written during the pro- 
cess of the trials. The first, ORIGIN.C was designed to 
access data anywhere on the DFDR data tape, convert it to 
engineering units and format it for output on the terminal 
Seeprinter. The printout was divided into four sections and 
listed 37 parameters including Greenwich Mean Time (GMT). 
The second program, DATA*C was designed to access data any- 
where on the DFDR data tape, compress it using a simple algo- 
rithm and then store the compressed data in a file called 
“DFDR". The third program, RECOV*C was designed to access 
the compressed data in the file "DFDR", convert it to engi- 
Mmeering units and format it for output on the terminal or 


printer in the same format used by ORIGIN*'C. A FORTRAN 
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program called PLOT was also written to plot the data from 
ORIGIN.C and RECOV.C on the Calcomp Plotter available in the 
School's main computer center. The original and recovered 
data listings were written onto magnetic tape in IBM compat- 
ible format and used directly as the source of data for the 
pot routine. 

The purpose of the programs ORIGIN.C and RECOV.C was to 
provide a second by second listing of the data, both before 
and after it had been compressed. The two sets of data could 
be easily compared at specific points using this method, but 
ently by plotting both sets of data could the overall effect 
Of a particular data compression method be observed. The 
same parameter names were used as much as possible in the 
four programs to make the switch from reading one program to 
the other as simple as possible [Table 1]. 

The initial attempt at data compression, DATA.C, involved 
use of an algorithm which compared succeeding parameter values 
with their most recently recorded value. If they were differ- 
ent, the new value was recorded along with an identifying 
label. Time was also recorded at the beginning of each 
second of data so that the time, when a particular parameter 
changed value, could be accurately recovered. 

The labeling method used was to identify a unique number 
with each parameter and record it along with the parameter. 
Since there were more than 16 parameters considered, a mini- 
mum of 5 bits were necessary. The data values on the DFDR 


tape contain up to 12 significant bits, so a parameter and 
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mea5LE J. 


GREENWICH MEAN TIME (HOURS) 
GREENWICH MEAN TIME (MINUTES) 
GREENWICH MEAN TIME (SECONDS ) 
MAGNETIC HEADING 

ALTITUDE COARSE 

ALE LLU CLNG 

COMPUTED AIR SPEED 

PEteHh ALLEL bE 

ROGGE a lf ETUDE 

PNGL THRUST (NIE) 

ENG2 THRUST (N1) 

ENG3 THRUST (N1) 
LONGITUDINAL ACCELERATION 
VERTICAL ACCELERATION 
LATERAL ACCELERATION 

TOTAL AIR TEMPERATURE 
HORIZONTAL STABILIZER 
ELEVATOR LEFT INBOARD 
ELEVATOR RIGHT OUTBOARD 
RUDDERS POSTION, UPPER 
RUDDER POSITION, LOWER 


AILERON POSITION LEFT INBOARD 


AILERON POSITION RIGHT OUTBOARD 


RIGHT HAND FLAP NO. 3 


List of parameters and their corresponding variable 
names USeagmeeEnrougnout the programs ORIGIN.€, 


RE COVAGewand PLOT: 


Sf 


GMTH 
GMTM 
GMTS 
HEAD 
ALTC 
ALTF 
CAS 

PLeH 
ROLL 
ENGL 
ENG2 
ENG3 
LONG 
VERG 
LATG 
oe 

HSTA 
Bae. 
ELRO 
RUDU 
RUDL 
ALILI 
AIRO 
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its label would have required 17 bits. Since the PDP 11/50 
has a 16-bit word, it was decided to divide each parameter 
which had more than six significant bits into two 6=-bit 
parameters, coarse and fine. The letters C and F were added 
to the parameter names to distinguish between the coarse and 
fine parameters, respectively. To provide the additional 
label numbers an extra bit was required and the discrete para- 
meters were packed together, six to a label. Initially 12 
bits, six of data and six of label, were recorded in 16-bit 
words. Later to save even more memory space, four 12-bit 
words were packed into three 16-bit words and then recorded. 

Results of the initial trial in the cruise mode indicated 
erat, by elimination of the redundant recording of data, a 
compression of 7.5 to 1 could be obtained. This meant that 
at least 15 minutes of data could be retained using a 1OOK 
bit memory. It was found that the coarse parameters were 
very seldom recorded, thus providing a savings of six bits 
every time a parameter was recorded. Since the discrete 
parameters very seldomchange, packing them together did not 
take up significant extra memory. The compression obtained 
using the turbulent flight data was not as good, but a reduc- 
tion of 3.3 to 1 was obtained and seven minutes of data 
could be retained. 

Careful examination of the data listings in the cruise 
Flight mode indicated that many of the parameters were 
fluctuating a great deal between successive minimum change 


values. It was decided to modify the DATA.C program to allow 
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the parameters to change within specific tolerances without 
being recorded. The parameters were allowed to fluctuate 
one increment above and below their most recent recorded 
value. Results indicated a compression of 11.4 to 1 in the 
cruise mode and 3.9 to l in the turbulent phase. 

Further tests were carried out on individual parameter, 
uSing criteria such as minimum sensor accuracy and the 
number of value changes during a particular time period, to 
determine the best tolerance. Significant increases in the 
compression factors were obtained, but only after the results 
were plotted could the overall results be observed. The data 
plots indicated that with greater tolerances, correspondence 
between the original and compressed data was not as good. 
This occurred because a parameter could be almost to its 
limit in one direction or the other (from the most recently 
recorded value) for an extended period of time before the 
change in value would finally be recorded. It was decided to 
modify DATA.C to include a running sum of the differences be- 
tween the most recently recorded value and the successive new 
values. When this sum reached the parameter's tolerance, the 
parameter was recorded. Using this technique the tolerances 
could be left higher, while still retaining good correspondence 
between the original and recorded data. 

Finally a statistical study was carried out to determine 
the optimum tolerance for each parameter. The assumption used 
was that in the cruise mode the parameter values vary within 


normal acceptable limits. The tolerance for each parameter was 
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incremented until an increase did not result ina reduction of 
more than one-per-minute in the number of times the parameter 
was recorded. Results, uSing tolerances arrived at with this 
method, indicated a compression of 14.2 to 1 in the cruise 

mode and 4.2 to 1 in turbulence. This would allow approximate- 
ly 10 minutes of data to be retained in the turbulent phase 

and 30 minutes in the cruise mode. 

The study was carried out on a 30 Minute interval of 
cruise flight. The results for a 10 minute interval are con- 
tained in Tables 2 and 3, and the optimum tolerances obtained 
Over the 30 minute interval are shown in Table 4. Figures 2 
and 3 are examples of the plots of original and recovered data, 
obtained using the optimum tolerances. In Figure 4 the 
Original and restored plots are superimposed ,and it can be 
seen that they correspond very closely. The plotted data re- 
presents a three minute interval of flight and includes the 
Perst Minute of turbulence. Other plots using the same inter- 
val are contained in Appendix F along with listings of the 
first minute of turbulent data. The final version of each of 
the programs is contained in Appendices B to E. 

The results of the Peressi On trials indicate that data 
can be effectively compressed by eliminating redundancy. By 
careful selection of tolerances, further compression can be 
obtained while still retaining good correspondence with 


Serqinal data. 
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PARAMETER 


HEADF 


CASF 


ETCH 


ROLLF 


ENGLF 


ENG2F 


ENG3F 


LONGF 


VERGF 


LATGF 


TATE 


HS TAF 


ELLIF 


ELROF 


RUDUF 


RUDLF 


AILIF 


ATROF 


FLAPF 


TABLE 4. 


TOLERANCE 


2 


eZ 


1 


ae 


16 


TOLERANCE IN 
ENGINEERING UNITS 


0.70 deg 
5 feet 

1 Knot 
0.35 deg 
0.70 deg 
0.06% 
0.06% 
0.06% 
0.002 g 
07027570 
0.006 g 
Lec 

0.088 deg 
0.425 deg 
On E5s deg 
0.39 deg 
0.13 deg 
0.499 deg 
0.04 deg 


0.35 deg 


MINIMUM 
SENSOR ACCURACY 


2 deg 

80 feet at 50,000 
4 knots at 450 
2 deg 

2 deg 

2% 

2% 

2% 

On05ag 

On zaG 

O05 g 

IEG: 

1 deg 

2 deg 

2 deg 

2 deg 

2 deg 

2 deg 

2 deg 


3 deg 


Table entries indicate the optimum tolerance obtained over 
a 30 minute interval, the corresponding tolerance in engineer- 
ing units and the minimum sensor tolerance for each parameter. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


Investigation of aircraft wreckage does not provide enough 
investigators with adequate information. Crash-protected 
flight recorder data is invaluable when determining accident 
@ause factors. 

Inertial navigation systems, which are in most military 
aircraft, provide an excellent source of highly accurate 
flight parameters. Nonvolatile solid state memory is avail- 
able and may be used to replace failure prone magnetic tape 
recording in flight recorder systems. Microprocessors are 
available with the capability of preprocessing flight data 
to conserve Space for solid state memory storage. Data com- 
Pees cion trials nadilcate thatean cruise Elight 30 minutes 
and in turbulent conditions 10 minutes of data can be retained 
in solid state memory. 

These conclusions indicate that a flight data recording 
system using microcomputer preprocessing and nonvolatile 
solid state memory is feasible. It is therefore recommended 
that a prototype system be built and tested as soon as possible 
and that the inertial navigator be considered as a primary 
Seurce of data. 

meets hoped that this report will help develop the interest 
and concern required to develop this system for military air- 
Smaet and provide a starting point for further research and 


thesis work. 
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APPENDIX A 


SOLID STATE MEMORY TECHNOLOGY 


A. COMPUTER MEMORY TECHNOLOGY 

The rapid growth of electronic data processing over the 
last 20 years was made possible by the development of com- 
puters using larger and faster memories. Attempts are con- 
tinuing to improve the speed and reduce the cost of computer 
memories but memory is still one of the TeERerenG hace ons ih 
computer system development. 

imechne past, Magnetie=-ferrite core, disk, drum and tape 
were the dominant storage mediums, but the situation has 
rapidly changed since the introduction in 1970 of metal-oxide- 
semiconductor (MOS) memory. The first semiconductor memory 
applications were in cache memories and microprogram storage, 
which required its fast access speed.~« Recent developments 
have made them practical for main memory and may extend their 
application to secondary storage. Other areas of memory de- 
velopment that offer great promise are change-coupled devices, 
magnetic bubble and electron-beam-addressable memories. 

The following is a short description of the various memory 
technologies, most applicable to future computer systems, along 
with the factors which influence their usefulness in 1 ILakepleGe 
data recording systems. MOS and bipolar are the two major semi- 
conductor memory technologies and generally MOS provides low- 
cost memories while bipolar provides high-performance [Refs. 


Pemand 25]. 
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1 MOS Memory Types 


MOS memories are based on the metal-oxide-silicon 
field-effect transistor (MOSFET). Information is stored in 
MOS memories by depositing a charge on a parasitic or dif- 
mased capacitor and trapping it there by turning off the 
MOSFET. The term dynamic results from the fact that, despite 
the high impedence and low leakage of the MOSFET, the capa- 
citor's charge eventually will leak off and so must be regu- 
larly refreshed to preserve the contents of memory. They 
are relatively slow since the low transconductance of the 
MOSFET reduces the amount of drive current available to charge 
the parasitic capacitances in the memory address and data 
lines. It is possible to produce static as well as dynamic 
MOS memories, but dynamic memories provide better speed and 
power characteristics than static and also allow higher chip 
packing density. MOS memories are volatile meaning that stored 
data is lost when power is removed. 

on PMOS 

P-channel MOS (PMOS) is the most mature semicon- 
ductor memory technology. It got its name from the fact that 
the conducting channel between the source and drain of the 
MOSFET was p-type material which conducts holes. Multiple 
power supplies are required since the threshold level on 
PMOS memory cells is very high and a negative gate to source 
voltage is necessary. 

IDs NMOS 

N-channel (NMOS) memory uses n-type material, 


which conducts electrons, between the source and drain. Its 
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eplerating speed 1s twice as fast as PMOS since electrons have 
Bemuch higher carrier mobility than holes. NMOS can operate 
on a single 5 volt power supply since its threshold voltage 
is low and positive gate to source voltage 1s required. 

e. CMOS 

Complementary MOS (CMOS) memory was recently in- 

troduced and gets its name from the fact that both PMOS and 
NMOS devices are used in the same chip. CMOS has low power 
dissipation since power is:consumed only during switching 
times when stray capacitances are charged. It is more expen- 
Sive than NMOS or PMOS but can operate on a single 1.5 volt 
power supply making non-volatile portable memory packages 
practical. Higher power supply Sete as are required to ob- 
tain fast memory access times. 

d= ~sOs7 MOS 

Silicon-on-Sapphire MOS (SOS/MOS) memories are 
being developed to attack the inability of MOSFETs to quickly 
charge stray capacitance. Silicon is deposited on a sapphire 
Substrate and etched to form isolated islands. Metal is 
poured over the insulating substrate to make interconnection 
and eliminates most of the stray capacitance. The resulting 
memory has very fast access time and requires very low power. 
SOS/MOS cannot be used to build dynamic memories because the 
Sllicon-sapphire interface leakage currents are too high. 
2. Bipolar Memory Types 
Bipolar memories are based on the expitaxial transis- 


tor. They are relatively fast due to high transconductance 
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but require higher power due to low input impedance. Dynamic 
bepOlar memories are not practical due to the high leakage 
gad low input impedance of expitaxial transistors. Like MOS, 
bipolar memories are volatile meaning that stored data is 
lost when power is removed. 
a. os 
Bipolar transistor-transistor logic (TTL) memories 
are input and output level compatible with TTL logic devices 
and require only a 5 volt power supply. Recently, Schottky 
diodes have been used to lower power dissipation in the dis- 
able mode but TTL memories still consume more power than MOS. 
Their main advantage over MOS is high access speed. 
ss BiG i 
Bipolar emitter-coupled logic (ECL) memories, like 
ECL logic devices, operate in the transistors linear region. 
This allows extremely high speed, since the time required to 
bring the transistor out of saturation is eliminated, but it 
consumes a great deal of ree power. Like TTL, their 
Main advantage is high access Speed. 
Cie 16 Ve 
Bipolar integrated-injection logic (174) memories 
are being developed which will combine low cost with high 
speed and low power requirements [Ref. 26]. aa is a new, 
bipolar, large scale integration (LSI) design technique which 
attacks the isolation requirement of bipolar devices. By 
careful partitioning and judicious removal of unnecessary re- 


Sistors, gates can be fabricated which do not require isolation 
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@pthin the gate structure. This significantly increases chip 
maieking density, reduces fabrication costs and increases access 
speed as well as reducing the required power. IL memories 
offer the low cost and power requirement of MOS and high speed 
of bipolar memories but have not gone into high volume produc- 
iO nl . 

Sa orhner Menoryetypes 

a. MNOS 

Metal nitride oxide semiconductor (MNOS) memories 
are based on the MNOS transistor which is a MOSFET with a 
Silicon-nitride, silicon-dioxide interface in the gate region 
[Refs. 18 and 25]. When a high positive voltage is applied 
to the gate of a MNOS memory cell a negative charge is trapped 
in the gate interface. This stable charge shifts the threshold 
of the cell to a lower voltage causing it to turn on when a 
low interrogation voltage is applied. If the interface was 
not charged the interrogation Pontes e WEwLad NOtecurn One the 
cell. 

To erase the cell a high negative voltage is applied 
which traps positive charges at the interface. This reverses 
the threshold shift effect and causes the cell to remain off 
when a low interrogation voltage is applied. Nonvolatility 
results from the fact that the trapped charges are quite stable 
and remain trapped even if power is removed. At present, write 
times are large because charge trapping requires many micro- 
seconds and the trapping mechanisms are not completely under- 
stood. Data alteration differs from conventional memories in 


that an erase is required prior to each write. 
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Dr FAMOS 

Floating avalanche MOS (FAMOS) memories are based 
on a MOSFET which has a floating silicon gate [Ref. 24]. When 
a high negative voltage is applied to a FAMOS memory cell, an 
avalanche of electrons results and is trapped on the floating 
gate. This lowers the threshold of the cell causing it to 
turn on when a low interrogation voltage is applied. If the 
gate was not charged, the cell would not turn on. Erasing is 
accomplished by neutralizing the stored negative charge with 
ultraviolet radiation. Like MNOS memories, FAMOS memories 
are nonvolatile but they have not received as much development 
aecention. 

Ce eer 

Charge-coupled device (CCD) memories are based on 
the charge-coupled shift register [Refs. 27 to 30]. These 
registers are connected into loops with the output gate of 
each register connected to the input gate of another. One 
input gate in each loop is made the loop input and the previous 
Output gate is the loop output. The basic operations involved 
are charge injection, charge movement, charge detection and 
charge regeneration. A data bit is stored ina loop by con- 
trolling the injection of an electron charge at the loop in- 
put. In order to read a particular data bit, the packets of 
electron charge are shifted around the loop until the correct 
One has reached the loop output. As each charge packet 
reaches the end of a register its potential is detected and 
then connected to the input of the next register, where the 


charge is regenerated. 
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CCD memories are dynamic since the charge packets 
must be refreshed periodically to ensure data retention. Re- 
fresh rate is a function of operating temperature and stored 
data is lost when power is removed. CCD memories are strictly 
serial access devices and so are block oriented rather than 
word or byte oriented. They are slower than MOS or bipolar 
memories and require more overhead circuitry, but they dissi- 
pate less power. 

a’. BEAMOS 

Beam-addressable MOS (BEAMOS) memories are based 
On a new, non-structured semiconductor storage plane and an 
electron optical addressing component called a matrix lens 
fRefs. 25 and 30]. They use electron beams for accessing 
memory by bombarding targets of silicon in small cathode ray 
tubes (CRTs). They offer high density storage and extremely 
fast access times at low cost. Disadvantages are unproven 
reliability, bulky size and a high initial investment cost 
due to the beam deflection circuitry, special power supplies 
pio Lock usage control circuitry. 

e. Bubbles 

Magnetic domain bubbles are the most promising 
magqmetic technology for future memories [Refs. 25, 28, 29, 
and 31]. Magnetic bubbles are produced in a film of magnetic 
material which has been epitaxially grown. The internal mag- 
netic field of the film tends to line up along a single "easy" 
axis perpendicular to its plane. Without an externally applied 
magnetic field, magnetization domains occupy equal "up" and 


“down" areas so as to minimize the total magnetic energy of 
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miro Ltimoeel: aavertical bias field of sufficient strength is 
applied in the "down" direction the "up" areas decrease in 
Size to the point where they become isolated cylinders, or 
bupr bubbles ina "sea" of “down” magnetization. 

These bubbles can be moved around with magnetic 
fields created by depositing islands of soft magnetic material 
(permalloy) on the film and applying an in-plane rotating 
drive field. Patterns being used for the islands are the T-bar, 
I-bar and a chevron. The magnetic polarities of the islands 
Shia t t around in cadence with the rotating drive field and 
help steer the bubbles from island to island. Each rotation 
of the drive field makes the bubbles Move one pattern. 

By means of interaction between magnetization cur- 
rents and the permalloy patterns it is possible to generate, 
expand, contract, annihilate, split, switch or detect bubbles. 
This versatility provides all the necessary means of memory 
operation. Bubble memories are nonvolatile since permanent 
magnets are used to provide the bias field. Bit density is 


very high but access time is long. 
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A Memory Characteristics 
GOs T 


TECHNOLOGY ACCESS TIME POWER/BIT /BIT DENSITY/CHIP 


SEE i i 


PMOS 300-400 ns LOOM UW. Loc 4 Kk 
NMOS 150-250 ns 30-100 uW .15¢ 4K 
CMOS 50-250 ns 10- 20 uW ne eee 
SOS/MOS 10-150 ns 4- 20 uW 1K 
MNOS -8- 10 ns Poeun i ooee 2k 
Bape lar TEL SO0= —60ens 500 uW 1K 
Bipolar ECL 45=- 50 ns 500 uW 1K 
Bipolar tL 50-100 ns diye.) OL ree 

CED 80-250 ‘ns 10 uw .1¢ 16K 
BEAMOS 30 us 10 uW .02¢ 32M/module 
Bubbles 500us-500ms ~2¢ 16=100k 


Do. Computer Memory Forms 


The computer memory technologies which have been de- 
scribed can be used to implement a number of different memory 
Mermms. Bach has an area of application in the hierarchy of 
computer systems but generally as you move away from the com- 
puter the required memory is larger, slower and cheaper [Refs. 
eee So, 32 and 33). 

ae RAM 

Random access memory (RAM) includes all memory 
devices in which the contents of any address can be accessed 
at random in essentially the same time as any other address. 
RAMS may be read/write, read-only or a variation of these. 

b. R/W RAM 

Read/write (R/W) RAMs have the ability to store 


and retrieve data in about the same time, but access speed 
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meries with the technology being used. Most semiconductor 
R/W RAMS are volatile, which means that stored data is 
lost when power is removed. R/W RAMs are used wherever data 
Must be frequently accessed and changed. 
os ROM | 
Read-only memories (ROMs) are designed to have 
data written into them, once only, at low speed. Each 4-bit 
data cell has 4 fusible nichrome or poly-silicon links, 4 
fusible PN junctions or 4 laser-severable silicon islands. 
iPmeenmation is written into the cell by selectively applying; 
a high current to the fusible links, a high negative voltage 
to the PN junctions or a Minuscule laser beam to the silicon 
eds. After writing, the PROMS contents can be accessed 
at high speed and the stored data is not lost when power is 
removed. PROMs are used where stored information must be 
Frequently accessed but only occasionally changed. 
a EAROM 
Electrically-alterable ROMs (EAROMs) can be erased 
and rewritten many times. Technically they are R/W RAMs but 
normally they have long write times and require a separate 
erase step prior to writing. EAROMs are used where changes 
are so frequent that it is not economical to use PROMS but 
non-volatile random access storage is required. 
eo. wey Clte 
Cyclic memory includes all memories in which data 
metates cyclically past a read/write port [Ref. 28]. The 
most common cyclic memories are mechanical-type, magnetic 


drums and disks. Recent technological advances have resulted 
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in the development of electronic cyclic memories, based on 
magnetic bubbles and CCDs, which may eventually replace drums 
and disks. The disadvantage of cyclic memories is that 
access time, due to memory latency (the worst case access 
time to any random memory address), may be excessive. 

Magnetic bubble memory access time can be improved 
Saeusing a Major/minor loop arrangement [Ref. 31]. The bubbles 
are rotated in minor loops and a major loop accepts the re- 
quired data from the minor loops in parallel (one bit from each 
Minor loop). The data is then read serially from the major 
loop. This method greatly reduces access time since the 
data can rotate much faster around many short loops than a 
single long one. Writing is carried out by serially introduc- 
ing a word into the major loop and transferring it, at the 
proper time, to the minor loops in parallel. The goal of 
bubble effort is to provide a solid-state nonvolatile memory 
that is cheap, fast and reliable enough to provide an alterna- 
tive to disk and drum storage. CCD memory access times have 
been improved by development of block-addressable RAM (BORAM) 
and line-addressable RAM (LARAM) systems [Ref. 30]. The re- 
sulting operating speeds are orders-of-magnitude faster than 
equivalent capacity disk memory systems but the cost per bit 
ZS greater. Since CCD memories are dynamic, refresh circuitry 
is required but power dissipation is very low. The aim of 
CCD technology is to fill the gap between high performance, 
high cost semiconductor memories and lower performance, lower 


@esct disk and drum memories. 
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SePEND x B 


PROGRAM TO LIST ORIGINAL DATA 


A. OnrIGin.c. DESCRIPTION 

This routine was written in UNIX C and was designed to 
mest the Original DEDR tape data in a standard format. It 
will access data anywhere on the DFDR data tape, convert it 
memengineering units and format it for output. The output 
may be displayed immediately on the terminal screen or di- 
meered £O an output file for later display, printing, etc. 

The user must determine the magnetic tape unit he is go- 
ing to use (TAPEDRIVE), the first frame of DFDR data he wants 
to access (START) and the number of minutes of data he wants 
to list (LENGTH). The program must be recompiled whenever 
this information is aueneae 

The main program consists of four sections which corres- 
pond to the sections of the parameter listing which is pro- 
duced. In each section the data is read from the tape, a 
frame at a time, and placed ina buffer array. The parameters 
for the section are then converted to engineering units uSing 
applicable conversion equations and formatted for output, a 
subframe (or second) at a time. Since the GMT data does not 
include seconds, a second counter is used. me 2S. inatiaiized 
at the start of each section and incremented in each subframe. 
Processing in a section continues until the end of the re- 
questioned data period. The tape is then rewound to the start 


of the data and processing continues until all sections have 
been completed. Listings produced using this program can be 


seen in Appendix F. 
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B. ORIGIN.C CONVERSION EQUATIONS 


The following is a list of the parameters in each section 


along with their conversion equations: 


X is the raw data in base 10. 


Y is the converted data. 


GMT is calculated in each section. 


GMTH 


GUTM 


GMTS 


SECTION 


ALTC 


ALTF 


CAS 


HEAD 


EotcH 


ROLL 


ENGL 


ENG2 


ENG3 


SECTION 


LONG 


VERG 


LATG 


If the binary value of 
then 


If the binary value of 
then 


Xx 
x 


Xx 
x 


. Tens 
=0 0j0 0 0 
= 17 


ees 
0 o| 0 Ol 
Zo 


The Second counter iS initialized at 
each section and incremented in each 


iE 


eS ety 
then Y = 4096 * X 


If the raw data value of ALTC was 
Sign bit to make X negative, 


Y 


Ones. * Xx 


On 0Ge Sol * xX 


K 
ll 


then Y 
then Y 


KH 
th 
va 
AN 


2049, 
eo 


KH 
th 
Mae 
V 


KH 
Fh 
s 
A“ 


2049, 
> 2049, 


then 
then Y 


K 
| 


KH 
th 
~s 
V 
wt 


K 
il 


OCS OS 1035* x 


Y= 02030518 * xX 


Ye— 0030516 * xX 


fi 

Woe (02 OCOS50S8625. 4% xX) 
fee OOO 2.6 cian = | XS) 

Pro OOOO 0eG 25. *. xX) 


extend the sign bit to 


then Y 


On 087391. 45x 
CO, 0871391 * x) 
Ors eo = x 
C(O-0ei2s ol * xX) 
iF 0833 
35/55 
ve Oia 33 


60 


oes 


unites 


I Oee|O) ete 


units 


oo Oi Oops 


the start of 
subframe 


make X negative, 


extend the 





sec rrON LLL 


TAT ihre s> lOv4. extend the Sign bit €O make X negative, 
then, Y = ©.49951171 * xX 


70.350 JCU 
=O 93 Oo OG an ee 


HSTA If X < 2049, then Y 
Peewee 049, ehen ¥ 


ELLI Ye —e(O2 ©3541 *- xX) 272.3176 
ELRO Y = (0.037474 * X) -76.7465 
RUDU Y= (0.08 2532 * xX) =O ce 2 Oo 
RUDL Ween O.O325351 * xX) = Ooo 2.09 
mk be L maior Os 206 * xX) Es. 9 01 6L 
AIRO Yea O OG 2250 * 9X), +61.3517 
FLAP Ye=> (0.067891 * xX) rere @) 


SECTION IV (Discrete Parameters) 
vrel, VHE2 
fw! , TRU2Z, TRDZ2, TRUS, TRD3 


SL4R1, SL4R2, SL4L1, SL4L2, SL2L1, SL2L2 


ou 





Ga) ORIGIN.C LISTING 


tdefine TAPEDRIVE "“/dev/mti"™ 

#Hdefine START 666 

#define LENGTH 3 

int fol,foerbuf [256] pirjromen,Secnd,restart, = 
int gomth,gmtm-egmts,altf, 

int vhfl,vhfe-trul,trdl,-trueds,trde-trus,trd3, 

int sl4li,sl4le-slelle,slele-slorl-sl4re; 

float altrvaltc,cas,head,pich,rollr,engls,enge,eng3,1ng; 
float elli,elro,rudl,ailis,airor,tat,hsta,flap? 
float vergl4);, 

float latg(4); 

float rudule);: 


// ThRisS routine will access data from anywhere on the 
// OFDR tape,convert it to engineering units 
// and format it for output. 


// The output may be displayed immediately on the 
// terminal or directed to an outeut file for 
// later displays orintings etc. 


// TAPEDRIVE indicates the magnetic tape unit to be used 
// START indicates the first frame of data 
4// LENGTH indicates the number of minutes of data 


main(){ 
fol=onen(TAPEDRIVE,0); // open mag tape file 


yomeeoeCTION NO. 1 


secnd--; // initialize second counter 
seek (fol,START,4); // locate start frame 
while((€secndt+1)/60)<LENGTH) { 

read(fol,buf,S1e)% J// read next data frame 


// convert data to engineering units 


gmth=(( Couf (164) &80700)>>6)*10)+(Cbuf (164) 8017); 
gmtm=(( Cbuf (36) 80700)>>6)*10)+(buf (3618017); 
if (€Couf 22) 807777) >=32) 

alt=(€Cbuf (22) 807777) {0177740) *4096.0; 
else 

alt=(Cbuf [22] 807777) «4096.0; 
ifCalt<0) 

altc=alt+4096; 
else 

altcz=alt; 
engl=(buf [32] 807777) «0.930518; 
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enge=(buf (96) £07777) «0.030518; 
eng3=(buf (160) 807777) *0.030518; 
for(i=z0;,1<4s itt) { 


j=1%*64, 
gmts=++secnd%260; // increment second counter 
ifCalt<0) 
altf=(Cbuf (4+j;)807777):,0170000; 
else 


altfzbuf (4+j)%07777; 
cas=(buf (18+j)&807777)*0.25; 
“head=(buf (2+j)&807774)*0.087891,; 
if ((Cbuf [504+j5) 807774) >=2049) 

pich=( (buf ([50+j)]&07774)*0.087891 )-3560; 
else 

pich=(Cbuf (S0+j]%07774)*0.,087891; 
fC Cbouf (164+j}%07774) >=2049) 

roll=(€ (buf [16+j) 807774) *0.087891)=-360; 
else 

roll=(buf (16+j)8&807774)*0.087891; 


// print heading at beainning of each minute 


if((gmts%60) ==0) { 


Seine tc am GMa ALTC ETE CAS "); 
OFInt tC MEAD Pena): 

Seam tat en ROLL NIENG1 NIENG2 NIENG3N\n\n"); 
} 


// print data listing each second 


MeinttG sede wc s4ced ,omth,gmtm,omts) ; 
if (Cgmts%4)==0) 
Cieimet © 7-0 tnod4o.c f4G.cf 49.529 ef 427 .efN\n" » 
altcraltfrscass,heads,pichrroll,s,engl); 
if(€gmts%4) ==1) 
Ditvmt | GC seo eo. ef mone mos ote eocetZ14.ecf\n’ + 
altfrcas,heads,oich,rolls,enge); 
if(Camts%4) ==2) 
Omicini cGat ote metas ot eee tiel.ef\n" + 
altf,cas,headsoich,rol),eng3);3 
if(Camts%4) ==3) 
Oeimt tie. Lodso.ctao. chm. ot L9.ef\n"s 
altf,cas,head,oich,roll); 


} 
mee SECTION NO. 2 


secnd= -1; //  ijnitialize second counter 
restart=rtIS*LENGTH; 
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seek(fpl,restart,4); // rewind to start frame 
while(((secnd+1)/60)<LENGTH) { 
read(fpl,buf,S12); // read next data frame 


// convert data to engineering units 


amth=(( (buf £164] 80700)>>6)*10)+Couf (164) 8017); 
gmtm=(( (buf [36] 80700)>>6) *10)+(buf [36] 8017); 
for (i=071<47 i++) { 
j=1*64; 
gmts=++tsecnd%60; // Increment second counter 
Ing=( (buf (43453807777) *0.000508625)-1.0833; 
for(m=07m<4sm++) { 
n=m*16; 
verg(m) =( (buf (12+n+j)] 807774) *0.0022888)-3.5755;3 
latg(m) =( (buf (144+n+j1807774)%*0.0005086e5)-1.0833; 
} é 


// print heading at beginning of each minute 


if (Cgmts%60)==0) { 


printf ("\n GMT LONG VERG VERG")?3 
orintf(" VERG VERG LATG CAG); 
printf(" LATG LATGN\AN\n"); 

} 


// orint data listina each second 


print f("%2d3%ear%ed%8 .4f",gmth,amtm,gmts, ng); 
for(m=07;m<4smtt) 
orintf(*%Z8.4f",verg{m]) ); 
for (m=0;m<4sm++) 
orintf("Z8.4f*,latgi{ml ); 
printf("\n"); 
} 
} 


meesECTION NO, 3 


secnd= -1; // initialize second counter 
restart="-15*LENGTH; 
seek(fol,restart,4); // rewind to start frame 
while((€secndt+1!1)/60)<LENGTH) é 

read(fol,buf,S12); // read next data frame 


//- convert data to engineering units 
aomth=(( (buf (164) 80700)>>6)*10)+( buf [164] 8017); 


gmtm=(( (buf (36) &80700)>>6)*10)+(buf (36) 8017); 
for (i=0;71<477++) 
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j=1*64; 

gmts=ttsecnd%60; // increment second counter 
elli=(Cbuf (40+j) 807774) *0.03541)-72.5135176,; 
elro=( (buf (7+j)807774)*0.037474) "76.7465; 

rudl=( (buf (11+j)]807777) *0.032531)-66.622109; 

= GtbuTrloti 1 S07 774) 2(=-0 051206) ) +65 .910161; 
Smo=Ccout (57 tj e07 777x090 .0597/e25))4+01.5517;7 
for(m=07m<esmtt) { 

n=m*3e; 

rudu(m) =(CCbuf (2e64#+n+j) 807774) *0.0352531) -66.622109;3 
} 


// orint heading at beginning of each minute 


if(Cgmts%460) ==0) { 
fea tte Pee | TAT HSTAB ELEVLI"); 
printf (" ELEVRO RUDUP RUDUP RUDLO"),; 
orintf¢(™ AILLI AILRO FLAPR3\n\n"); 
} 


4// orint data listing each second 


ominttO"Aced3:%ad:icd",gmthramtmramts); 
if(Cgmts%e2) ==0) { 
if( (buf (54+j]&07777)>=2049) 
hsta=(( (Cbuf ($4+j]&07777)*0.087891)-360) 
x(-0,. 938967)3 
else 
hsta=((buf (54+j)]&807777)*0.087891)*(-0.9358967); 
flao=((buf (38+j)807774)*0.087891)-180; 
OeimerCaloestsa .5hose st", hstarve|lisz,elro); 
Sint tees) 25747 ote). of 6G RudUL0)] >rudull}),rudl); 
Went te 2.5 tel cof ene ot\n',ailisairo,flap); 
} 
if((gmts%e) ==1) { . 
if( (buf (54+j)&807777)>=1024) 
tat=(Cbuf (54+j)8&07777)10176000)*0..49951171; 
else 
tat=(buf (54+j}]807777)*0.49951171; 
Srinmit he moors el4.5t4/.5f" -tatyme) bi,elro)? 
OCVmtwems~ i. stan ot oy oof wpneu lO} ,rudufli) -rud!); 
Bietner 14%. oto. StNM satlt,yatrnro) > 
} 
} 
} 


yee SECTION NO. 4 


secnd= -l; // initialize second counter 
restart=-15*LENGTH; 
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seek(fol,restart,4); T/ rewind to start frame 
while(((secndt1)/60)<LENGTH) { 
read(fol,buf,512)3 7// read next data frame 


// convert data to engineering units 


gomth=((Cbouf (164) 80700) >>6)*10)+(buf (164) 8017); 
omtm=(( (buf (36) 80700) >>6)*10)+(Cbuf (36) &017)7 
for(i=071<4;,1++) { 

j=i1*64, 

gmts=+tsecnd460; // initialize second counter 

vhfl=(Cbuf (8+j)&8&02)>>1; 

vhfe=buf (8+j) 801; 

sl4re=(bouf (164+j) &020)>>1; 

sl4rlsbuf (16+j) 801; 

sl41 1=(buf (28+j) &02)>>1; 

sl4le=buf (28+j) 801; 

sleli=Couf (40+j)&02)>>1;3 

sleleé=(buf (44+j) 8020) >>1; 


// print heading at beginning of each minute 


if((gmts%60)==0) { 
printf("*\n GMT . VHF VHFe TRU TROL TRUe "); 
printf("TRDe TRUS TRODS3 S4L1 S4Le Sel! Sele"); 
printf(" S4R1 S4R2\n\n"); 

} 


// print data listing each second 


princfé( "Zed rzeds %ed“z5duiSd"-,gmths,gmtm,gmtsr,vhfl,vhfe); 
if(Comts%4) ==0) { 
trul=(Couf (6]&80ce)>>1,; 
trdl=buf (6) &01; 
Sewmiite LI .oO. esd 4oG4od. 1a 4500450N\n 
tceulgtral,si4tl,sldie,sicelli-sltele-s!4ri,-sl4re); 
} 
1f((gomts%4)==1) 
truc=(buf (70) &802)>>1;3 
trdce=buf (70) 801; 
role iiniie y (O* 9 US rel74 Sowa) sel r4s\owA slows lope oo A aie alm 
Betvagtnmdersloail,siGies,steltls»sicleés,s!4ri,sl are); 
} 
1f(Camts%4) ==e) { 
trus=(Cbuf £134) 802)>>1; 
terds=buf (134) 8017 
Seven Ge ae Sc. od45d 4504504904904 00N\n", 
tru3,trd3,sl4ll,sl4le-slell,slele,sl4r1,sl4ure); 
} 
if(Comts%4) ==3) { 
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mrint f @4.550290490%90d25d%Z5d\n" > 
stT4ite,sl4ier,sticitszsleles-st4rl,sl4re); 
} 
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APPENDIX C 


PROGRAM TO COMPRESS DATA 


Ae DALA.c DESCRIPTION 

This routine was written in UNIX C and was designed to 
access data anywhere on the DFDR data tape, compress it us- 
ing a simple algorithm and then store the compressed data in 
a file called "DFDR". By comparing the size (number of bits) 
of the "DFDR" file to the tape file, the amount of compres- 
sion can be determined. For example: If the compressed file 
required 7188 8-bit bytes to record 10 minutes of data the 
compression factor would be 


ieee Muicoaaex © Olax oO 


7188 x 8 ee 


The user must determine the magnetic tape unit he is go- 
ing to use (TAPEDRIVE) and the program must be recompiled 
whenever this information is changed. The program will prompt 
the user on the terminal for the number of the first frame of 
DFDR data he wants to access (START) and the number of minutes 
of data he wants to compress (LENGTH). 

The main program consists of four sections which corres- 
pong to the four subframes of data contained in each frame 
[Ref. 7]. The data is read from the tape, one frame at a 
time, and placed in a buffer array. The parameters are pro- 
cessed in the order they were recorded. If a parameter occurs 
more than once ina frame a subroutine is called to carry out 


its processing. These subroutines are identified with a "Ww" 
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followed by an octal code number which corresponds to the 
Parameter concerned. 

Each parameter is processed using the following procedure. 
The applicable bits for the parameter are removed from its 
12-bit data word and if it contains more than six signifi- 
cant bits it is divided into two parameters. This is the 
case for all parameters except the discretes and Coarse Alti- 
tude (ALTC). The upper six bits are referred to as the 
coarse parameter and the lower six as the fine. Their para- 
meter names are suffixed with a "C" and "F", respectively. 

If the coarse parameter's value is different from its last 
stored value the new value is stored along with its applicable 
octal label. The value of the fine parameter is then compared 
weetm its last stored PAIK and if the absolute value of their 
difference is greater than a predetermined tolerance, the new 
value is stored along with its applicable octal label. The 
fine parameter is also always stored when the coarse parameter 
changes value. The sum of the differences between the succeed- 
ing new parameter values and the parameter's last stored value 
is recalculated. If the absolute value of this sum is greater 
than the tolerance the new value is recorded. 

Discrete parameters are packed into 6-bit groups. Li “a 
discrete parameters new value is different from its last re- 
corded value, the group is recorded along with its applicable 
Setal label. 

Whenever a parameter is stored, it is placed in the lower 


6 bits of a 12-bit word. The upper six bits are a 6-bit octal 
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label which is used to identify the parameter in memory. 

This is the same number which is used in identifying the sub- 
routines. When four 12-bit parameter words are available 

for storage, they are packed into three 16-bit memory words 

aman transferred to the file “DFDR”" using the subroutine "Rite". 
Since GMT does not include seconds, a second counter is 
initialized whenever the minute parameter changes and is 


incremented and recorded at the start of each subframe. 


B. DATA.C PARAMETERS 

The following is a list of parameters along with their 
location in the 64 12-bit word DFDR data frame. Also shown 
are the octal labels and code names for each parameter along 


with the corresponding data word bits. 
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PARAMETER 
NAME 


GMT (HOURS) 
GMT (MINUTES) 


MAGNETIC HEADING 


ALTITUDE COARSE 


ALTITUDE FINE 


COMPUTED AIR SPEED 


PErCH ATTITUDE 


ROLL ATTITUDE 


ENG1 THRUST (N1) 


ENG2 THRUST (N1) 


ENG3 THRUST (N1) 


LONGITUDINAL ACCEL 


BITS 


ee 


lee 


eZ 


3=12 


1-12 


WORD SUBFRAMES 


3/ 


a7 


25 


1g 


ol 


7, 


38 


33 


33 


aa 


ul 


Ppa oy o 


il 


ep oo 


12, oe 


ie ouio 


1,2,3,4 


yok 


OCTAL 
LABEL 


OO 


Ol 


O03 


04 


O05 


06 


07 


Lo 


A 


12 


13 


14 


15 


16 


17 


20 


21 


22 


25 


24 


25 


CODE 
NAME 


GMTH 


GMTM 


HEADC 


HEADF 


ALTC 


ALTF 


ATE E 


CASC 


CASF 


PIGHC 


PLease 


ROLLC 


ROLLF 


ENG1C 


ENGIF 


ENG2C 


ENG2F 


ENG3C 


ENG3F 


LONGC 


LONGF 


Bis 


ae, 


1-6 


ale 


3-6 


Valea 


(a2 


1+6 


alee 


2 


7-12 


ne 


1-6 





PARAMETER 


NAME 


VERTICAL ACCEL 


LATERAL ACCEL 


TOTAL AIR TEMP 


HORIZONTAL STABILIZER 1-12 


BITS 


SLY 


Sele 


SieZ 


SLY 


en 


WORD SUBFRAMES 


a3 


22 


45 


6l 


cS 


31 


47 


63 


SS 


55 


Varo 


1,2,3,4 


1,2,3,4 


1,2,3,4 


1,2,3,4 


1,2,3,4 


1,2,3,4 


2,4 


eZ 


OCTAL CODE 


LABEL NAME 
26 VERGC 
60 VERGF 
26 VERGC 
6l VERGF 
26 VERGC 
62 VERGF 
26 VERGC 
63 VERGF 
30 LATGC 
64 LATGF 
30 LATGC 
65 LATGF 
oo LATGC 
66 LATGF 
SHO, LATGC 
67 LATGF 
52 TATC 
a3 TATE 
34 HSTAC 
35 HS TAF 


BITS 


e—eZ 


Se 


7-12 


3-6 


alee 


3-6 


lee 


3-6 


ee 


3=6 


a6 


7-12 


ee 


pee 


i=6 





PARAMETER 
NAME 


ELEVATOR LT-INBD 


ELEVATOR RT-OUTBD 


RUDDER POSITION, 
UPPER 


RUDDER POSITION, 
LOWER 


AILERON POSIT 
Pei NBD ° 


AILERON POSIT 
RT-OUTBD 


BITS WORD SUBFRAMES 


So 2 


cee 


RIGHT HAND FLAP NO.3 3-12 


41 


2/ 


29 


dz 


40 


59 


leone 4 


1,2,3,4 


2 SA 


eee 


lene 


p27 ne 


Vere 


LS 


OCTAL CODE BITS 
LABEL NAME 


36 


i 


40 


41 


42 


43 


42 


oy 


at 


45 


46 


47 


50 


Sik 


ae 


53 


ELLIC 


ELLIF 


ELROC 


ELROF 


RUDUC 


RUDUF 


RUDUC 


RUDUF 


RUDLC 


RUDLF 


AILIC 


eee 


AIROC 


AIROF 


FLAPC 


FLAPF 


J=-1l2 
56 
UL 
3-6 
7=12 
3-6 


7-12 


3-6 
7-12 
1-6 
J=12 


a= 0 





PARAMETER BErS WORD SUBFRAMES OCTAL CODE 





NAME LABEL NAME 
VHF 1 KEYING 1 9 yoyo 54 VHF 1 
VHF 2 KEYING 2 9 zoe 54 VHF 2 
ENG1 THRUST REV UNLOCK 1 i i 55 TRUL 
ENG1 THRUST REV DEPLOY 2 7 1 55 TRD1 
ENG2 THRUST REV UNLOCK i a 2 55 TRU2 
ENG2 THRUST REV DEPLOY 2 7 2 BS TRD2 
ENG3 THRUST REV UNLOCK il y 3 55 TRU3 
ENG3 THRUST REV DEPLOY Z 7 3 BS TRD3 
SLAT 4 RT-OUTBD (MSB) i jr 2 oe 56 SL4R1 
SLAT 4 RT-OUTBD (LSB) 2 iy le us A 56 SL4R2 
SLAT 4 LT-OUTBD (LSB) aL TALE RA 56 SL4L2 
SLAT 4-LT-OUTBD (MSB) 2 292. 1,2,3;,4 56 SL4L1 
SLAT 2 LT-INBD (MSB) 2 41 727354 56 SEzEl 
SLAT 2 LT-INBD (LSB) 2 AS ele 2S 4 56 SL2L2 


VHF1l and VHF2 are combined in the program as variable VHF12 
and are stored in the lower two bits of a word with the 

octal label 54. fTRU1, TRD1, TRU2, TRD2, TRU3 and TRD3 are 
combined in the program as variable TRUD and are stored in 


Piceebower Six bits of a word with the octal label 55. 


SL4R1, SL4R2, SL4L2, SL4L1, SL2L1 and SL2L2 are combined in 
the program aS variable SLAT and are stored in the lower 


Six bits of a word with the octal label 56. 
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C. 


DATA.C LISTING 


# define LENGTH 151 
# define TAPEDRIVE "/dev/mt1" 


Int 
int 
int 
int 
int 
int 
int 
int 
int 
int 
re 
int 
int 
int 
a 


// 
7 / 


i / 
// 


fol,foe-,buf [256] ,i,temp,pack (4) ,n-flage,ElL-E2,START; 
gmth,amtm-gmts,headc,headf,altcrvaltf,altffr,casc,casf,; 
pichc,pichfrrollc,rollfs,engilc,englf,enqecrengefr,engsc; 
eng3f,lonqc,longf,vergqe-,veraf,latgc,latgfrtatc,tatf; 
hstac,hstaf; 
ellicrvellifrelrocv,elrof,sruducr,rudufsrudicr,rudl fz 
ailicrvailifrsvairocvairof,flaoc,flapf,vhfie-s,trud,slat; 
NOO,nOL NO? ,n03S,n04 NDS -ND6,nNO/7-n1LO,nIite,nies,nit3a,nia4d; 
N1S,nlo-ni7s,n2ed0rnelrne2dpnespnedsneS,nebsne7rns0en3ilz 
n32,n3357N54 N55 -N56,N3S7,N40,n41,n42,n45,n44,n4d5,n463 
N47-nN50,N51,N92,N537,n54,n55,n562 
heads,altfs,cass,pichs,rolls,enals,enges,eng3ss, longs: 
vergs,latas-,tats,hstas,ellis,elrosS,rudus,rud)s,ailis, 
airos,flaos; 


This routine will’ access data on the DFDR tape, 
comoress it using a simole algorithm and 
Store the compressed data in the file "dfdr". 


TAPEDRIVE indicates the magnetic tape unit to be used 
LENGTH indicates number of data frames to be compressed 


main() { 
printf("START = "); // first data frame to be compressed 
peant ©. Z40q\n",8&START ) > 


foc=creat ("“"dfdr",0600) 


// ereate a file called "dfdr" 


=e 


fol=open(TAPEDRIVE,0); // open mag tape file 
seek(fpl,START,4); // locate first data frame 
for(i=tlzi<LENGTHs i++) { 


ys 


read(fol,buf,512)% // read next frame of data 
SUBFRAME NUMBER 1 


me); 
w3(e); 
wO(4); 


/x thrust reverser engl a / 


temop=buf (6) 803; 

if((trud&060) !=(temp<<4)) { 
trud=(trud&017)i(temp<<4); 
pack {n) =trud:05500; 
if(t+n==4) rite(); 
nosS+t+; 
} 


a3 





w40(7); 
w46(8); 
w54(8); 
w44(11)7 
weo6(i2); 
w30(14); 
wl4(16); 
w56(16);7 
wl0(18); 


/x altitude course «/ 


if( (buf (22) 8077) ss=altc) { 
altc=buf (22) %&077; 
pack {n)=altci0500; 
if(t+n==4) rite); 
n0S++; 
} 


w4e(26); 
we6(2e8)>; 
w57(28); 
w50(30); 


/x* engine thrust engl */ 


if(buf (32) /64!=sengic) { 

englc=buf (32) /64; 

pack {n] =engic;:01600; 

if(+t#n==4) rite); 

flag=1; 

nlo++; 

} 
temp=(buf [32] “(enalc*64)); 
engls=enaqlsttemp-enal f; 
if((Cabs(temprenalf)>=H=2) ti l(abslengls)>=2))iil(flag!=0)) { 

engl f=temp; Li NOK 

pack ({n] =engifi01700; 

if(t+n==4) rite); 

flaaq=0; 

engis=0; 

nivtt; 

} 


fe areenwich mean time minutes x / 
temp=(( Couf (36) 80700)>>6)*«10)+(buf £36) 8017); 


if(temp!=qmtm) { 
omtm=temp, 
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pack [n) =gmtn;0100; 
if(t#n==4) rite); 
amts=0; 

nOL+t+; 

} 


w9e(58); 
w50(39); 
w56(040); 
w58(40); 
we4(43); 
w26(44); 
w59( 44); 
w30(46); 
wli2(50); 
w534(54); 
w42(58); 
we6(60); 
w30(62); 


SUBFRAME NUMBER e 


wel); 
w53(66);3 
w6(68); 


/x thrust reverser eng2 */ 


temp=buf (70) £03; 
if((trud&014) $=(temp<<e2)) { 
trud=(trud&063)} (temo<<2); 
pack [n] =trud:05500, 
if(+tn==4) rite); 
nSStet; 
} 


w40(71); 
w46(72); 
w54(72); 
w44(75); 
we6(/76); 
w30(78); 
wl4(80); 
w56(80); 
wl0(82); 
w42(90); 
we6(9e); 
w5/7(92)>3 
w50(94); 


ad 





vat 


/x engine thrust enge */ 


if(buf (96) /64!=engdc) { 

engec=buf [96] /64; 

pack {n] =engéc:02000; 

1f(++#n==4) rite); 

flag=1; 

neodV+t; 

} 
temp=(buf (96) =(engqec*64)); 
enges=engesttemoprengef; 
if((Cabs(temp~enacf)>=H=e) ii (abslenges)>=2) ) ii: (flagi=0)){ 

engef=temp; Lia) 2016 7 

pack {n] =engefi0e100; 

if€++n==4) ritel(); 

flaq=0; 

enges=0; 

neltt; 

} 


w50(103); 
w36(104); 
w58(104); 
we4(107); 
w26(108); 
w59(108); - 
w30(110)7 
wie (lid); 
w32(118); 
w42( 122); 
we6(124); 
w50( 126); 


SUBFRAME NUMBER 3 


we(); 
w5(1350); 
w6(132); 


/x thrust reverser eng3S) x*/ 


temo=buf (134) 803; 
if((trud&03) !=temp) { 
trud=(trud&074)!temp; 
pack (n} =trud;:05500; 
if(+#n==4) rite(); 
NSS++; 
} 


w40(135); 


3 





w46(136); 
w54(136)3 
w44(139); 
we26(140); 
w30(142); 
wl4(144); 
w56(144); 
wl0(146), 
w4e(154); 
we6(156); 
w97(156);3 
w30(158);3 


/x engine thrust eng3 */ 


if (buf (160) /64!=eng3c) { 

eng3c=bduf (160) /64; 

pack {n] =eng3c:02200; 

if(+t+#n==4) rite(); 

flag=1; 

neertt; 

} 
temo=(buf (160) -(eng3c%x64)); 
eng3s=engisttemp-enas3f; 
if(CCabs(temor-eng3f)>=2) 3} } Cabsl(eng3s)>=2) ):;:(Fflagi=0)){ 

eng3f=temp; l foe Oe 

pack {(n]}] =eng3fi02300; 

if(++n==4) rite); 

flag=0; 

eng3s=0; 

nestt;s 

} 


/x greenwich mean time hours) */ 


temo=(( (buf 164) 80700)>>6)*10)+ (buf (164) 8017); 
if(temp!=qmth) { 

gmth=temp; 

pack {n] =gmth; 

if(+t+n==4) rite(); 

nO0O0++; 

} 


w52(166); 
w50(167);7 
w36(168); 
w58(168); 
we4d( 171); 
weo(i7e); 
w59(172);3 
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// 


w50(174); 
wie(178); 
w534(182); 
w4e(186);3 
we6(188); 
w30(190); 


SUBFRAME NUMBER 4 


we(); 
w3(194); 
w6(196); 
w40(199); 
w46(200); 
w54(200);3 
w44(203); 
we6(e04); 
w30(206); 
wi4(208); 
w56(208); 
wl0(210); 
w4e(218); 
we6(eec0); 
w57(220); 
w50( 222); 
w50(231); 
w36(23e); 
w58(232); 
we4(235);3 
we6(236); 
w59(256);3 
w30(238); 
wie(ede); 
w3e(ce46); 
w42e(250); 
w26(252); 


w50(254); 
} 
// After all frames of data have been stored the final 
// values of all oarameters and the number of times 
// each was stored 1s added to the end of the file 
write(fpe,&gmth,188); 
} 
// The following subroutines are used to process data 
// which occurs more than once in a data frame 
we() { /* greenwich mean time seconds) */ 
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pack [n] =gmts++;0200; 
if(++n==4) rite); 
nO2+t+? 
} 
w3(m){ /%® magnetic heading */ 
temo=(buf [m]) &807774)/64; 
if(temp!=headc) { 
headc=temp,; 
pack [n] =headc; 0300; 
if(++n==4) rite(); 
flag=1; 
n03+47 
} 
temo=(buf (m) 807774) -<(Cheadc*64); 
heads=headst+temp-headf; 
if((Cabs(tempeheadf )>=8)1; (abs Cheads)>=8) Ji: Cflag!=0)) { 
headf=temp, 4/7010 deo 
pack{(n]) =headf;0400; 
if(++#n==4) rite); 
flag=0; 
heads=0; 
nOd+tt+; 
} 
} 
wo(m){ /* altitude fine */ 
if(buf lm) /64!$saltf){ 
altf=buf tm) /64; 
pack[nl=altf{0600; 
if(++n==4) rite); 
flag=l1; 
n0ot+t?7 
} 
temo=buf (mJ -Caltf*64); 
altfs=altfsttempraltff; 
if(€Cabs(tempraltff)>=S)iilabslCaltfs)>=S))i:€flag!=0)){ 
altff=temo; // 3 feet 
pack [nJ =altf#f!0700; 
if€++n=s4) rite); 
flaa=0; 
altfs=0; 
nO7++3 
} 
} 
wlO(m){ 7* computed air speed */ 
if€buf (m]) /64$=casc) { 
casc=buf (m) /64; 
pack [n] =casc;01000; 
if(€+t+#nmn==4) rite); 
flaq=li; 
Nn10++3 
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} 
temo=(buf [m) -(cascr*64))7 
cass=cassttemp-casf, 
if(C(aos(Ctemo-casf)>=4)}} Cabs(cass) >a4)) $3 (Cflagi=0)){ 
casf=temp; 4/ 1 knot 
pack {n] =casfi01100;3 
if(+t+ns=4) ritel(); 
flag=0; 
cass=0; 
nii¢++,; 
} 
} 
wle(m){ /* oitch attitude) */ 
temo=(buf (m] &07774)/64; 
if€temp!=spichc) { 
pichc=temp,; 
pack (n}] =pichc;01200; 
if(+t+#+n=a=4) ritel()? 
flag=l1; 
nlett; 
} 
temp=(buf (m) %07774) -(Coichc*64); 
pichs=pichsttemon=pichf, 
if((Cabs(tempr-pichf)>=4) {i l(Cabsl(pichs)>=4) Ji, Cflag!=0)) { 
pichf=temop; JI e535 ded 
pack (n) =oichf;01300;7 
if(+t+#n==4) ritel(); 
flag=0; 
pichs=0; 
n1l3++; 
} 
} 
wl4(m){ /* roll attitude */ 
temo=(Couf (m)] 807774) /64; 
if(temop!=s=rollc){ 
rolle=temp, 
pack (n] =rol1¢:01400; 
if€t4#n=24) rite()?7 
flag=1; 
nid++; 
} 
temo=(buf (m]) 807774) -Crollcx*64); 
rolis=rollsttemo-roll f- 
if((Cabs(temon-rollf)>=8)) } CabslCrolls)>=8))} i Cflag!=0)) { 
roll f=temp; // 0.70 dea 
pack (nn) =ro1l1f!01500;3 
if(+#n==4) rite(); 
flag=0; 
rolls=0; 
niS++; 
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} 
} 
wed(m){ /* longitudinal 
PeCouUfim! 7/64! =lonac){ 
lonac=buf (m]) /64; 
pack {n) =longec: 02400; 
if(+t+#+n==4) rite); 
flag=1; 
nedtt; 
} 
temo=(buf [m] =(longe*64)); 
longs=longsttemp-lonaf? 


acceleration 


a / 


if((Cads(temp-longf)>=4) ti labds(Clongs)>=4) Ji: Cflagi=0)) { 


lonaf=temo, 
pack [n} =longf:02500; 
1f(+*+n==4) ritel(); 


flag=0; 
longs=0; 
neStt; 
} 
} 
weob(m){ /* vertical acceleration */ 


temp=(buf [m) &07774)/64; 
if(temp!=vergce) { 

vergc=temp; 

pack (n]) =vergqce: 02600; 

if(++#n==4) rite); 

flag=1; 

neott; 

} 
temo=(buf (m]) 807774) -(verge*64); 
veras=vergsttemp-vergf; 


ia 00e Ss 


if((Caos(temo-veraf)>=leditlCabs(vergs)>=12))iilCfilag!=0)) { 


vergf=temo; 
1#£((m%Z64)==12) 

pack (n] =vergfi 06000; 
if((m%64) ==28) 

pack (n] =vergf:06100; 
if((m%64) ==44) 

pack in) =vergfi06200; 


if((m%64) ==60) 
pack {n) =veraf:06300; 
if(++#n==4) rite); 
flag=0; 
vergqs=0; 
ne7Tt+; 
} 
} 
w50(m){ /* lateral acceleration */ 


temo=(buf {m]&07774)/64; 
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Mitctema:=|atoc ) { 
latge=temo; 
pack (n)=latge:03000; 
if€t+4#n==4) ritel(); 
flag=1; 
N30++3 
} 
temo=(buf [m])&07774) -(Clatge*64); 
latgs=latgqsttemprlatgf; 
if((CCabs(tempelatgf)>=H=le)i:lCabsl(latgs)>=ledI ii Cflagi=0)){ 
latgf=temp; TIFT OUCOUV6 7G 
1f((m%64) ==14) 
pack[n]=latgf!06400; 
if((m%64)==30) 
pack (n]l=latgfi06500; 
1f((m%64) ==46) 
pack{n]=latgf!06600; 
1f((m%64) ==62) 
pack (nl=latgf;06/00; 
if(++#+n==4) rite); 
flag=0; 
latgs=0; 
n3itt; 
} 
} 
w3el(m){ /* total air temperature */ 
if(buf lm) /64!=tatc) { 
tatc=buf (m] /64; 
pack{n])=tatc:03200,; 
if€+t#n==4) ritel()?; 
flag=1; 
n3cer+t; 
} 
temo=(buf [mM] e(tatc*64)); 
tats=tatsttemoetatf; 
if((Cabs(temprtatf)>=2) i: Cabsltats)>se2))iilCflag!=0)) { 
tatf=temp; // 1 deg 
pack (n])=tatfi03300; 
if(+t#n==4) rite()? 
flag=0; 
tats=0; 
n33t+t+; 
} 
} 
w34(m){ /* horizontal stabilizer */ 
1f(buf lm) /64!=hstac) { 
hstac=buf (m]/64; 
pack (n])=hstac;03400;3 
if(t+t+*+n==4) rite(); 
flag=1; 
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n34++; 
} 
temp=(buf (m] -(Chstac*64) ); 
hstas=hstasttempe-hstaf; 
if((Cabs(tempehstaf)>=a1)iilCaos(hstas)>=al)Jis(fiagi=0)){ 
hstaf=temp; JI OL0VE8 deo 
pack {n] =hstaf;03500; 
if(++#n==4) rite); 
flag=0; 
hstas=03 
n35+t; 
} 
} 
w56(m){ /* elevator Iterinbdd */ 
temo=(buf (m)&07774)/64; 
if(temp!=ellic) { 
ellic=temp,; 
pack [nj] =el1i¢c;:03600; 
if(++n=2=4) ritel(); 
flag=1; 
n3s6++; 
} 
temp=(buf [m) 807774) -(ellic*64); 
ellis=ellisttemo-ellif; ; 
if(€CCabs(temprellifd>=ale)itilCabslellis)J>=1le)) ii Cflagi=0)) { 
ellif=temp,; // 0.425 deg 
pack {n}sellifi03700; 
if(++n=24) rite(); 
flag=0; 
ellis=0; 
n37++; 
} 
} 
w40(m){ /* elevator rtstoutbd */ 
temo=(buf (m}&07774)/64; 
if(temp!=elroc) { 
elroc=temo; 
pack {n]=elroc; 04000; 
if(+t+n==4) rite(); 
flag=l1; 
n4Q++; 
} 
temo=(buf (m] &07774) -(Celrocr64); 
elros=elrosttemor-elrof; 
if((Caos(temprelrof)>=4) ti lCabslCelros)>=4)) fi l€flag!=0)){ 
elrof=temp; // 9.15 deg 
pack(n]l=elrof;}04100, 
1f(++n==4) rite); 
flag=0; 
elros=0; 
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nOit+; 
} 
} 
w4e(m){ /* rudder position upver */ 
temp=(buf [m] 207774) /64; 
if(temp!=ruduc) { 

ruduc=temo; 

pack [n] =ruduc;04200; 

if(++#n==4) rite()? 

flag=1; 

“Adett; 

} 
temo=(buf [m) 807774) -(Cruduc*64)>; 
rudusS=rudusttemo-rruduf,; 
if((Cabs(temperuduf)>=12)!i CabsCrudus)>=12e)) i+ Cflag!=0)){ 

ruduf=temo; // 0.39 deg 

VrGCmn-oo =—co) 

pack (n] =ruduf 104300; 
if((m%Z64) ==58) 
pack {n}) =ruduf 105700; 

if(++n==4) rite(); 

flag=0; 

rudus=0; 

nose; 

} 

} 
w44(m){ /*® rudder position lower */ 
if(buf lm) /64!=rudic) { 

rudilc=buf (mm) /64; 

pack {n) =rud)]ci04400; 

if (++tn==4) rite); 
flag=1; 

n4dde+; 

} 
temo=(buf (m)] -(Crud!lc*64) ) 
rudg]ls=rudisttemp-rudl f; 
if((Cabs(temprrudl f)>=4) 1 i Cabs(Crudis)>=4))tiCflag!=0)){ 

rud|if=temp; // 0.13 dea 

pack (n) =rudl f104500; 

1f(+*+#n==4) rite(), 

flag=0; 

rud|ls=0; 

n45++4; 

} 


we 


} 
w46(m){ /* aileron position Itrinbd «/ 
temo=(buf (m]) 807774) /64; 
if(temopl=ailic){ 
airlic=temp; 
pack (n] =ailic:04600; 
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WiiGetin= =o) erate); 
figg=1, 
n4o++; 
} 
temo=(buf [m) 807774) -(Cailicr*64); 
ailis=ailisttemprailif; 
if((Cabs(temowrailif)>=lo)!iCabsl(ailis)>=16)) $i Cflagiz=0)) { 
ailif=temp, // 0.499 deg 
pack {n) =ailift!04700; 
if(+t#n==4) rite); 
flag=0; 
ailis=0; 
nd7++; 
} 
} 
wo0(m){ /* aileron position rtroutbd 9 */ 
iffbuf tm] /64!=airoc) { 
alroc=buf (mj /64; 
pack (n] =airoc;,05000;7 
if(t*#ens==4) rite); 
flag=l; 
nS0++; 
} 
temo=(buf (mj) -Cairoc*64)); 
airosS=airosttemprairof; 
if((Cabs(tempeairof)>-=al)itlCabslairos)>=Hal)) iC flag!=0)){ 
airof=tempo; 4// 0.904 deg 
pack (nj=airof;05100; 
if(+ttn==4) rite); 
flag=0; 
airos=0; 
nSl+et; 
} 
} 
woe(m){ /* right hand flap no.3 */ 
temo=(buf [m]}&07774)/64; 
if(temp!=flapc) { 
flapc=temp; 
pack {nJ]=flaoc;05200; 
if(t+n==4) rite(); 
flaaq=l; 
nSe+t; 
} 
temp=(buf [mM] £07774) eC flapcr64); 
flaos=flaopst+ttemp-flapf; 
if((Cabs(tempeflapf)>=4)tilCabslflans)>=4)) fi Cflagiz=0)) { 
flaof=temp; FIV 5D Oe 
pack {n)=flapf+;05300; 
1f€@+t*#n==4) rite(); 
flaq=0; 
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flaos=0; 
NS3++; 
} 
} 
w54(m){ /* vhf 18 2 */ 
temo =buf (m] &03;3 
if€temp!=vhfice) { 
vhfi2e=temp, 
pack {n] =vhf12:05400; 
if(++#n==4) rite); 
nNnS4+; 
} 
} 
w56(m){ /* slat 4 rteoutbd)9 */ 
temo=buf (m] &03; 
if(temp!=(slat&03)) { 
slat=(slat&074)itemo; 
pack ({n]=slat;:05600; 
if(++#n==4) rite), 
nS6++; 
} 
} 
w57(m){ /* slat 4 Iltroutbd */ 
temp=buf (m] &03; 
if€(teme<<4)!=(slat&060)) { 
slat=(slat&017)!i€temp<<4); 
pack{n]=slat;05600; 
if€t+#n==4) rite); 
nS6++;3 
} 
} 
wS8€m){ /* slat 2 Ilteinbd = */ 
temp=buf ([m] 802; 
if((temo<<2) $=(slat&010)) { 
slat=(slat&067)! (temp<<2); 
pack (n] =slat;05600; 
if(t+#n==4) rite(); 
nS6t+t3 
} 
} 
w59(m){ /* slat 2 Ilteinbdd */ 
temo=buf [mm] 802; 
if((temo<<1)!=(slat&04)){ 
slat=(slat&073)i(tempo<1); 
pack (n}] =slat;05600; 
if(+#n==4) rite); 
nS6++; 
} 
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// This Subroutine is used to oack 4 Ieebit words 
// into 3 16ebit words 


rite(){ 
pack (0) =(pack [0] <<4);, (pack {(1]>>8); 
pack (lj) =(pack (1) <<8) | Cpack [2] >>4); 
pack {2e})=(pack [2] <<ie) tpack (3); 
wreite(foe,oack,6); 
n=0; 


} 


Sic 






APPENDIX D 


PROGRAM TO RECOVER AND LIST COMPRESSED DATA 


A. MECOV~.Cc DESCRIPTION 

This routine was written in UNIX C and was designed to list 
the compressed data in a standard format. It will access the 
compressed data from the file "DFDR", convert it to engineering 
mies and format it for output. The output may be displayed 
immediately on the terminal screen or ape eeee EO.Jan Ome ute 
Mmmee fOr later display, printing, etc. 

The user must determine the number of minutes of data he 
wants to list (LENGTH) and the program must be recompiled 
whenever this information is changed. 

The main program consists of four sections which correspond 
to the sections of the parameter listing which is produced. 

The sections are divided into"cases"which perform the calcu- 
lations required to recover the compressed data. At the beginning 
of each section the compressed data file is opened and the 

data is read three 16-bit words at a time. Subroutine 

"UNPACK" is then used to convert the three 16-bit words of data 
into four 12-bit words. The upper six bits of each 12-bit word 

is the corresponding parameter's octal label which is used to 
identify the "CASE" which corresponds to it. 

The compressed data file is organized so that time in 
seconds will be recorded at the beginning of each second of 
data. When the second parameter (GMTS) is detected, the para- 
meters for the section concerned are converted into engineering 


units and formatted for output, a subframe (or second) at a 


20 





time. The parameters which had been divided into coarse and 

fine, by the data compressing program DATA.C, are first added 
together. The conversion equations and output format are the 
same aS were used in ORIGIN.C. If a parameter did not change 
during a one second interval, its previous value is used. In 

this way redundant data is recovered and listed. 

The “second" counter is initialized at the start of each 
section and incremented in each subframe. It is not used to 
provide time in seconds since GMTS is available, but it is 
used to determine when the correct amount of data has been 
recovered. 

Processing in a section continues until the end of the 
requested data period. The compressed data file is then re- 
opened and processing continues until all sections have been 
completed. 

Listings produced using this program can be seen in 


Appendix F. 
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eee RECOV.C LISTING 


Rdefine LENGTH 3 ; 
int fol,obuf (4) ,m-,1-j ,Darar,amths,amtmramts,secnd,altraltf, 
oe lt ff, Ccascrecasf,headcr,headfroichecroichf-,rolle,ro)|f; 
int englicrenalf,enaccrenacfrenascrenasf,longes ; 
int longf,verqe,latac,tatc,tatfe,hstacrhstafrellic,ellifz. 
int elroc,elrof,sruduce,rudicrrudlfseailicrailifsairocrvairof, 
int flapc,flapfsvhfle,vhfe,truls,trdistrucrstrde,trusr,trd3,z 
int sl4li,sl4le,sl2li,slele,sl4rilesl4ore; 

float alti,altcr,cas,headspich,roll,enqis,engqe,engs,|ng-s 
float tatrhsta,flaprvelli,elro,rudl,aili,airo; 

float latg{4); 

float vergl(4]); 

float rudule); 


// This routine will access data from the compressed 
// data file "OFDR", convert it to engineering units 
// and format it for output. 


// The output may be displayed immediately on the 
// terminal or directed to an outout file for later 
// adisolayr printina etc. 


// CENGTH indicates the number of minutes of data 
main() { 
// SECTION NO. } 


mo=open("dfdr",0); // epen comoressed data file 
secnd=--; // gjnitialize second counter 
while(€(secnd/60)<LENGTEH) { 
read(fol,buf,s6); // read block of 3 16"bit words 
unpack(); // wnoack aata into 4 12-bit words 
for (m=07m<4zmrt) { 
oara=buf [m] &07700; // remove parameter octal label 
Switch(para) { // use data label to select case 
case 0000: 
gmth=buf (m)&077; 
break, 
case 01003 
amtm=buf (mJ) &077; 
break, 
case 02003 
amtsz=buf [m}&%077; 


// convert data to enaineering units 


Writarte <0) < 


ee 





alt=Caltfrtaltff):0170000; 
altiz=altc+4096.0; 
} 
else{ Tr 
altsaltftaltff; 
altizalte; 
} 
cas=(casctcasf)*0.25; 
head=(headctheadf)*0.087891; 
if€Coichctoichf)>=2049) 
eeh=((piechnetoueht) 0.06707! )=560, 
else : 
pich=(oichctoichf)*0.08/7891; 
itmaGgrolletrol lt )>=2049) 
roll=(€Crolletroll #)*90.087891)-360; 
else ; 
Foleo er oot y= 0 20s 709, 
engl=(enalcteng] f)*0.030518;% 
enae=(engectenacf )*0.030518; 
eng3=Cenasctengsf)*0.030518; 


// orint heading at beginning of each minute 


if ((secnd%60) ==) { 


printf("\n GMT ALTC ALTF CAS HEAD"); 
printf(" PITCH ROLL NLENG! NIENG2 NIENG3")? 
printf ("\n\n")3 . 

} 


// oprint data listing each second 


if(secnd>=0){ 

Brimtt (' 420+ ¢eds2zed' ,amtn,amtm,amts); 

if (Camts2%24)==0) . 

mmimtt ("47 .0nmseodvoeet Ate feos tho seh eet Xn = 
alti,altrs,cas,headrspich,roll,enql); 

if(Camts%4)==1) | 
DRimth Gaoe coma teeta See ct clone t NG. s 

alt,vcas,head,vich,rolls,enge); 

if (Camts%4)==2) ; 
Orimienie ~l oO coach eos tees neo sctZelesetNm » 
alt,cas,headrpicherroll,eng3); 

if€Camts%4)==3) ; 
Se ihit iw enews feo eet £9 cots .e f NM > 
altrcasr,head,picheroll); 


} 
secndtt; // increment second counter | 
if€(secnd/60)==LENGTH) m=4; // look for end of LENGTH 
break, 


case 0309: 
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headc=(buf [m]) 89077) *64; 
break, 

case 0400: 
headf=buf (m]&077; 
break; 

case 05003 
if (Cbuf (m) &8077)>=32) 

altc=( (buf (m}8077)10177740)*4096.0; 
else 
altc=(buf (m] 8077) *4096.0; 

break, 

case 06003 - 
alt f=(buf [m] 8077)*64; 
break; 

case 07003 
altff=buf (m)] 8077; 
break; 

case 901000: 
casc=(buf (m] 8077) *64; 
break, 

case 01100: 
casfi=buf (m]&077,; 
break; 

case 01200: 
pichc=(buf {m1&077)*64; 
break; 

ease 01300; . 
pichf=buf (m]%077; 
break; 

case 01400: 
rolle=(buf [m] 8077) *64; 
break; 

case 01500:- 
roll f=buf (mm) &077; 
break; 

case 01690: 
enalc=(buf [m]&077) *64; 
break; 

case 01700: — 
enalf=buf (m]&077; 
break; 

case 02000: 
engec=(buf [m]&8077)*64; 
break, 

case 02100: 
enge f=buf (m] 8077; 
break; 

case 02290: 
eng3c=(buf [m]) 8077) *64; 
break; 
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case 023500: — 
engsf=buf {m]&077; 
break; 
} 

} 

} 


meee SECTION NO. 2 


mo=open("“dfdr",0); // reopen comoressed data file 
secnd= -1; LI Niit lal ze.ssecona coUumter 
while€(secnd/60)<LENGTH) { 
read(fpl,buf,6); // read block of 3 l6-bit words 
unpack(); // wunoack data into 4 12-bit words 
for(m=0;7;m<4sm+t) { 
Dara=buf {m}]&07700; // remove parameter octal ljabel 
Switch(para) { // use label to select case 
case 0000: 
omth=buf (m] &077; 
break; 
case 01003 
amtm=buf (m]8&077; 
break, 
case 02003 
aomts=buf (m]&077; 


// convert data to enaqineering units 
Ina=(Clongcetlongt) *0.000508625) -1.0833;3 
// orint headina at beginning of each minute 


mmeCsecna.ou) ==) 


printf("\n GMT LONG VERG VERG VERG sais 
printf ("VERG anc LATE LATG LATG\n\n")? 
} 


4// orint data listing each second 


if(secnd>=0) { 
Srmanitt Leds r4ed:4cd“zn.4f J,amthp,amtem,amts, ina); 
for(jr07j <4; j++) 
orintf("Z8.4f",verq(j)); 
for(jr=0;7j5;<4; j++) 
Beumntf(" 28.44" ,latatii), 
Smimtt( \n" ); 
for(j=07j5<47 j++) 
vergljl=verq(3); 
for(jr07j5 <4; j++) 
latg(jl=latq(3); 
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} 


secnd++; // imcrement second counter 
if((secnd/60)==LENGTH) m=43 // look for end of LENGTH 
break? 


case 024003 
longce=(Cbuf (m} &077) *64; 
break; 

case 02500: , 
long f=buf (m]) 8077; 
break, 

case 026003 
verac=(buf (m)&077)*64; 
break; 

case 03000: 
latge=(buf [m] 8077) *64; 
break, 

case 060003 
for(j=07 5 <4; j++) 
vergl(jl=C CC buf (m18077)+verac) *0.0022888)-3.3755; 
break; 

case 061003 
for(Cjalzj<475++) 
vergljl=CCCbuf (m}]&077) +verqe)*0.0022888)-3.3755;3 
break, 

case 062003 
for(jzesj<47 j++) 
verglj}) =C CCbuf [m] 8077) tverge) *0.0022888)-3.3755; 
break; 

case 06300: 
vergl$l=C CC Cbuf [mm] 2077)+verac)*0.00202888 )=-5.3755; 
break; 

case 064003 
for (j=07j5<4s 5 +t) 
latg(jJ=CCCbuf (m) 8077) +latac)*0.000508625)-1.0833; 
break; 

case 06500: 
for(jaisj<47 j++) 
oreo = CCCbO atin 2077) lacac) 49. 000506625) -1. 0833, 
break; 

case 066003 
for(jresj<47 j++) 
latg(jl=aCCCbuf fm) 8077) +latac) *0.000508625)-1.0833; 
break; 

case 06/90: 
lartg(3)l=(€ CC buf (m) &077) +lataqc)*0.000508625)-1.0833; 
break; 
} 
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fe SECTION NO. 3 


fols=onen("dfdr",0)7 // reooven compressed data file 
secnd= -1; 4// initialize second counter 
while((secnd/60)<LENGTH) { | 
read(fpol,ouf,6)3 // read block of 3 16-bit words 
unpack(); // wnoack data into 4 lewbit words 
for (m=0;m<4szmtt) { 
para=buf{m)]&077007 // remove parameter octal label 
switch(para) { // use label to select case 
case 0000: _ 
aomth=buf (m]&077,; 
break; 
case 01003 
omtm=buf (m] &077; 
break, 
case 0200: 
omts=buf (m) 8077; 


// convert data to engineering units 


if((tatcttatf)>=1024) 
tat=((tatcttat f)101760900)40.499511717 
else 
tat=(tatct+tatf)*0..49951171;3 
if((Chstacthstaf)>=2049) 
hsta=((Chstacthstaf)*0.087891 )-360)*(-0.9358967); 
else 
hsta=((hstacthstaf)*0.087891)*(-0.938967); 
elli=z(Cellictellif)*0.903541)-72.S513176;3 
elro=(Celroctelrof)*90.057474)-76.7465; 
BUGi=((rudictrudi4)*0 705255 1)—-66.622109;7 
aili=zCCailicrailif)*(-0.031206))+63.9101613 
aiame= (Cali roctairof )*€=0.0397225))+61.3551/7; 
flao=((flaoct+flanf)*90.087891)-180.0; 


// oerint heading at beginning of each minute 


if ((secnd%60) ==) { 
orintf("\n GMT TAT HolAo eLEVLT ELEVRO. “); 
orintf("RUDUP RUDUP RUDLO AILLI ATILRO FLAPR3"); 
Smit hc NANA")? 

} 


// orint data listing each second 
1f (secnd>=0) { 
orintf(C"Z2dsrediicd",amthramtm,amts); 


if(Camts%2)==20) | | 
DPiNtEC™LLS . SFL SENT a SFL 0 BEST 5 SET o BELT o BENT BEKT BEAK, 
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hstav,ellivelro,rudul9) ,ruduli)],rudl,aili,airo,flap), 
if(Camts%2) ==1) ; 
Siemiti 7. too te 2 Ot 4) «Stee SPfAl eo oth «StS! sSfNM’s 
tatrvellir,elro,rudul9),rudull),rudl,ailisv,airod); 
rudul0)] =rudull); 


} 
secndtt; // increment second counter 
if€(secnd/60)==LENGTH) m=4: // look for end of LENGTH 
break; 


case 032003 
tatc=(buf (m]) &077) «643 
break; 

case 03300: 
tat f=buf [m) 8077; 
break; 

case 034003 
hstac=(buf [m)]&8077)*64; 
break? 

case 03500: 
hstaf=buf tm] %077; 
break? 

case 036003 — 
ellic=(Cbuf [m) 8077) +64; 
break, 

case 03700: | 
ellif=buf (m]) &077; 
breaks 

case 04000: | 
elroc=(Cbuf [m]&077) x64; 
break, 

case 04100: 
elrof=buf{m])%077; 
break; 

case 042003 
ruduc=(buf [mm] &077)*64; 
break; 

case 04300: ; 
rudul0)=(€(Cbuf [m) 8077) +ruduc) *90.032531)-66.622109; 
eudufl)=rudul0l; 
break; 

case 057003 
ruduflill=(CCCouf [m} 8077) truduc) *0.032531)-66.6221093 
break; 

case 04400: 
rudic=(Cbuf [m)&077) *64; 
break; 

case 04500: 
rudif=buf (mm) 2077; 
break; 

case 04600: 
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ailic=(Cbuf (m]&077)*64; 
break; 

case 047003 
ailif=buf [ml] &077; 
break; 

case 05000: 
airoc=(buf [m] &077) *64; 
break; 

case 051003 
airof=buf (m]%077; 
break; 

case 05200: 
flapc=(Cbuf (mm) 8077) *64; 
break; 

case 053003 
flapf=buf [m])&077; 
break; 
} 

} 

} 


SECTION NO. 4 


folzopen("dfdr",0)3 // reopen compressed data file 
secnd= “17; // initialize second counter 
while((secnd/60)<LENGTH) { 


read(fpl,buf,6)3 // read block of 3 16-bit words 
unpack (); // wunoack data into 4 1le-bit words 
for (m=0;m<4szm++) { 
para=buf [m] 807700; // remove parameter octal label 
Switch(para) { // use label to select case 
case 00003 
amth=buf [m]) &077; 
break; 
case 01003 
amtm=buf'fm) 8977; 
break, 
case 02003 
aomts=buf [m) 8077; 


// eorint headina 3st beqinning of each minute 


if(€secnd%60) ==) { 


peaorf(™\n GMT VHF 1 VHFe TTUL TRO TRU2 TRD2"); 
meamcer( TRUS TRDS S4L1 S4te S2ll Sele S4R1 S4Re\n\n"); 
} 


// print data.listing each second 


if(secnd>=0) { 


a 





Primet Grease cas.canod4o0 ,amth-amntm,gmtsrvntlsvh tc); 
if((€gmts%4)==0) 

cian age OdA.c a4 o06 a4 DO4eOZ500NM ¢trul,t ral, 

sl4l1i,sl4ies,sielis,slele,sl4oriszsl4re); 
if(Cgomts%4)==1) 

Seinttt. Abod.5da4t Sa LOAD aA Coa soa N\ma,tnruUe,;t mde, 

si4li-,sl4ie,slelt-slele-,si4riszsl4re); 
if((qmts%4)=s2) 

print f0"%25d7250d%5d459d%45d2Z5a%5SdZ5d\n"-trus,tras, 

sl4]1i-sl4lesvslell,sleleé-sl4rt,sl4re); 
if((qmts%4)==3) 

Sramtic 4500.90 250 450450 750 \m s 

sl411-sl4ler-slelilesi2les,sl4ri-sl4re); 

} 


secndtt, // increment second counter ; 
if((secend/60)=S=LENGTH) m=47 // look for end of LENGTH 
break, 


case 05400: 
vhfl=a(buf (m}] &02)>>1; 
vife=buf (m) &01; 
break; 

case 05500: 
truls= (buf (m) 8040) >>53 
trdl=(buf (m}]&8020)>>4; 
truc=(buf [m]&010)>>3; 
trde=(buf [m] &804)>>2; 
truse(buf (mM) 202)>>1; 
trd3=buf (mJ &01; 
break; 

case 05600: 
sl411=(Cbuf [m] &040)>>5 
s141)2=(buf (m}]&020)>>4 
sleli=(Cbuf fm1&010)>>3 
sl2)12=(buf [mM] &804)>>2;3 
sl4re=(buf fm] &02)>>17 
sl4risbuf (mm) 801; 
break; 

} 


=e Be DE 


// \UNPACK DATA 


unpack () { 
purlsi=sbut(lel&07777; 
momtei=( (but 2) >>12)2017)! ( Cbuf (11 <<4)807760); 
buf (1) =( Couf (1) >>8)&0377)! ( Cbuf (0) <<8)807400); 
buf (0) =(buf [9] >>4)207777; 
} 


100 





APPENDIX §E 


PROGRAM TO PLOT ORIGINAL AND COMPRESSED DATA 


A. PLCLeDESCKRIPTION 

This routine was written in FORTRAN and was designed to 
meg the data from ORIGIN.C and RECOV.C on the Calcomp plotter. 
The program consists of three sections which correspond to the 
first three sections of the parameter Listing. hy enero Gia 
section is not plotted because it contains discrete parameter 
data which very seldom changes. The original and recovered 
data listings were written onto magnetic tape in IBM compatible 
format and used directly as the source of data for the routine. 

The parameters are first read from the tape in records 
which correspond to the lines in the data listings. The para-= 
meters are scaled if necessary and stored until all parameters 
for the required time interval have been processed. 

The parameter values are plotted versus time uSing the 

Subroutine DRAWP which generates control data for plotting 
graphs on the Calcomp plotter. DRAWP is a simplified version 
of the Naval Postgraduate School subroutine DRAW. The argu- 
ments Beet ea in the subroutine call are; the number of 
points defining the curve, an array containing the X-ordinate 
(Time) and an array containing the Y-ordinate (Parameter). 
The final two arguments are arrays used to specify optional 
Pott ng control information such as the number of curves on 
Gmograph, Scaling, title, etc. 

Plots made using this routine can be seen in Appendix F 


and Section IV, Figures 2-4. 
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APPEND xX 


PEiGH? PARAMBOERR BDISTInGseyANDSe ECTS 


Heats appendix contains examples of Listings and plots 
meoanced by the programs ORIGIN.C, RECOV.C and PLOT. The 
Pots contain three minutes of data which includes the first 
mmdcte of turbulence. The original and restored parameters; 
Fine Altitude, Computed Air Speed, Roll Attitude, Engine #1l 
Thrust and Vertical Acceleration are plotted. The recovered 
data plot of each parameter is followed by its original data 
plot for easy comparison. 

The listed data corresponds to the last minute of data 
in the plots. The four sections of recovered data are fol- 


lowed by the corresponding four sections of original data. 
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-1.820 
0.001 
Oro ge 
U.o5e 
-).389 
O00 
0.392 
0.001 
1.942 
0 004 


RUDUP 


1.042 
V.652 
O500i 
0.522 
Que Siac 
0.522 
0.132 
0.132 
O32 
O.l3e 
Gicwt sie 
Onls2 
0.262 
Were be 
0.4592 
02004 
05001 
05 00N 
Veecbe 
N. See 
0.522 
N.262e 
0001 
02091 
0.262 
0.2602 
0.202 
0.262 
On se 
U.262 
0.262 
0.2¢e¢ 
0.132 
velhve 
O.13e 
1.433 
see 
O2U0n 
0.202 
0.262 
“0.519 
U.i 32 
belie 
0.052 
0.cb6e2 
“0.589 
0.3592 
1.693 
“0.259 
-1.820 
“0.519 
02001 
On6o02e 
0.00) 
Oa UC 
05 392 
02010} 
1.042 
1.042 
-0.779 


SECTION NO. 3 


iS 


SUDEOs aAtLit 
0565e¢ 2.572 
0.164 1.124 
“0.259 -0.249 
“0.389 1.124 
0.099 1.997 
0.099 0.749 
“0.194 0.749 
“0.194 0.749 
“0.356 0.749 
“9.356 0.749 
=9.556 0.375 
“0.350 0.375 
“0.194 0.749 
“9.194 Q.,749 
G00) Pss75 
=“. 129, 1.575 
st. 519 a) lie 9 
“0.519 ©9.125 
“0.220 0.874 
i VO) ass 5 
0.001 te SoS 
“0.004 02900 
=(jjs ob On 500 
-0 .487 0.900 
“0.487 0,999 
“0.226 0.999 
“0.226 0,999 
“0,220 0.250 
“0.220 ¢.250 
“0.226 U.874 
“0.ce2o0 0.8794 
“U.P20 0.¢50 
“).220 0.250 
“0.356 0.024 
“10.356 0.6024 
0d Sos al 
UL eds) was 
“9.lo1 ©0.12e5 
“0,389 -0.125 
G.001 2.122 
9.3445 -90.,499 
@0 F440 -2.,7u6 
02559 Ioen75 
U.828U 2.bee 
Nece>. Needs 
=(2,55¢ <0. 574 
=f2.170 =0:574 
Ceo Sas rl 
v.782e 0.0900 
“1.137 -3.495 
-2.536 -2.621 
=—f55e 0.749 
S2001 02709 
Wee? 0.250 
“0.747 2#2.247 
“).389 0.624 
aout 0.000 
“J.01l7 2.1lee 
0.782 4,993 
Peele =5.2e85 
RECOVERED 


AILROQ 


“0.199 
“0.199 
“0.199 
“0.199 
“0.199 
“0.199 
“0.199 
“0.199 
“0.199 
“0.199 
“10.199 
-0.199 
“0.199 
-)0.,199 
“0.199 
“0.199 
“9.199 
“0.199 
“0.199 
“9.199 
“0.199 
“u.199 
“0.199 
“0.199 
“9.199 
“0.199 
“0.199 
= 129 
#“()},199 
“0.199 
=e 
-0.199 
“).,199 
“0.199 
“0.199 
“0.238 
=) .1°9 
“0.199 
-)),1]99° 
“0.159 
“0.159 
-9.27A 
“0.199 
“0.199 
-).199 
“4.199 
-0.199 
-0.199 
-0.199 
~0.159 
-0.278 
“9.199 
“J .199 
-0.199 
“0.199 
“0.199 
-0.199 
“0.119 
“0.199 
“4.238 


DATA 


PLAPRS 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.0u01 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 


0.001 





GMT VEE INVER 2 (TOI IRO1 TRU2 VERO] JAUSP TRS Sab sete Sel) Sele S4R1 SstRe 


e1c4di: 0 0 0 1 l l 0 1 0 1 0 
eueeadis 1 0 9) l l 1 0 l Q i 0 
elsa4iz: 2 0 ) l l ] ) l 0 i 0 
PaeAjs 35 0 0 l 0 1 0 1 0 
ets4is 4 () 0 1 1 1 0 1 0 1 0 
eesti: 5 0 ) l l l 0 1 0 1 0 
els4i: 6 0 U l 1 l ) l 0 i 0 
eys4ai: 7 0 0 1 0 l 0 1 0 
eae ad): & 0 0 l on l 0 l 0 1 0 
eis4is 9 0 0 l l l 0 l 0 ! 0 
21:41:10 0 0 1 1 l 0 1 0 i 0 
esa): 1 | 0 (} l 0 l 0 i 0 
ees isi2 0 ) l 1 l Q l 0 l 0 
eys4a1315 0 0 l 1 1 J l 0 1 0 
ee a1: 14 0 0 t l l 0 l 0 1 0 
Seat? 15 0 0 1 J l 0 l ) 
elsuisio U 9 l l l 0 l 0 1 0 
e1s4isi7 0 0 l | l 0 l 0 1 0 
e1341:18 0 §) l l i 0 l 0 l 0 
ee 1319 0 0 l 0 1 0 i 0 
re 413:20 0 0 l l l 0 l 0 1 3 
els4t:2) 0 0 ! 1 1 0 l 9 l 0) 
e13s4l32e2 0 0 j l 1 0 l 0 j 0 
e1:413:23 0 \) | Q l 0 1 0 
@élsdisea 0 J l l l ” l 0 l 0 
eee 41:25 0 0 l l l 0 1 0 l 0 
Amee 4326 0 0 l t l U ] U l 0 
eee 227 9 9 l Q 1 0 j 0 
eu 41328 0 0 i l 1 Q 1 0 l 0 
as41329 0 0 l l l 0 ! Q 1 0 
21:41:30 0 () { l l ) i 0 1 0 
eee a) ¢ 31 0 {) l ) 1 0 1 0 
Bats $2 0 ‘) l l l ) l f} l 0 
ems 41333 0 0 l l l 0 1 J l 0 
13:41:34 0 0 l l l 0 l J l 0 
241235 0 () l 0 l 0 1 0 
C13:41330 0 f) 1 l l 0 l 9 l 0 
21241337 0 0 1 1 I ) l 0 l 0 
21:41:38 J 0 l l { () l J l 0 
e241 339 0 0 l ) l J l 0 
21:41:40 0 0 l 1 i G l q 1 0 
2red{:41 0 0 l l i ) { 4 1 0 
eueea1:4a2 0 0 l | ’ j ! vi l ) 
21:41:43 0 J l l ¥ l 0 
el:4134u ) ) l I i 1 U l 0 
21341345 0 9) l l | if) } ) l 0 
21341346 0 9 l 1 I y) ] ) { 0 
21:41:47 0 ‘) l Q l 0 1 0 
e1:413:48 0 () l L l Q l 0 1 0 
el1:4134a9 0 J l l ! ) l 0 1 0 
21241:50 ) 0 l 1 1 0 l 0 1 0 
eleva] 351 0 v ! t) l 0 1 0 
2él3:41:Se 0 0 1 1 l Y 1 0 l 0 
eus41353 J 0 l l J l 0 l 0 
21341:5$4 0 0 l l ’ a l Q l 0 
eee 1355 0 0 ! ) l 0 l 0 
e13:413:S6 0 0 1 1 ! J ] 0 1 0 
ec4| 3:57 0 0 l l 1 C l 0 1 0 
ere 41:58 0 0 l l i l () l 0 
ee 41359 0 0 ‘ , 0 


SECTION NO. 4 RECOVERED DATA 


20 





GMT 


eared i: 
eve dis 
els41s 
2134s 
213413 
eae Sis 
ears 41 3 
ene 41s 
e1ls4is 
213413 
21341210 
ee 41311 
213:4131e 
ers41313 
ee, 41:14 
eneed1 215 
21341316 
21341317 
esd) 318 
er41319 
21:41:20 
ers4t221 
2iresis2ec 
e2e41:25 
e1:41:24 
e123 d1:25 
2s 26 
een ste 7 
eel: 28 
2ree1329 
eae 41 2:30 
e17dis31 
enc ui: 32 
eed s 55 
eae a 1334 
eee ais 35 
ele41336 
aie di: 37 
21:41:38 
ees 1: 39 
2redy: a0 
21341341 
21 sue 
21341243 
213412344 
21241345 
2 G12 46 
eae) 2 67 
21341348 
21341349 
21241350 
211 351 
eles d13Se 
oie 35 5 
2741:°54 
21:41:55 
21341356 
2341257 
ee 1358 
e1-41359 


OmMnN oN SW © 


ALTC 


32768 


S27 68 


32768 


a7 O40 


32768 


Se7voo 


$2756 


327684 


32768 


32768 


32768 


$2768 


32768 


32768 


32768 


ey 


233 
244 
225 
eer 
eek 
219 
eel 
220 
Zen 
eel 
218 
219 
eel 
23 
231 
233 
251 
231 
223 
eel 
ely 
219 
228 
239 
23a 
228 
elo 
203 
LoS 
188 
192 
194 
197 
290 
194 
197 
196 
293 
Lo 
ers 
201 
192 
186 
1384 
179 
elra 
176 
176 
213 
194 
206 
125 
142 
182 
130 
Lis 


CAS 


296.90 
295.75 
295.25 
295.50 
295 750 
295.75 
295.50 
e955e5 
295.00 
294.75 
294,75 
29) 
295.90 
295. 510 
294.75 
294.00 
293.25 
293.25 
293.50 
293.75 
e9u.75 
296.00 
296.75 
297.00 
296.50 
225.75 
295.50 
294.75 
293.75 
293.50 
293.25 
294.25 
294,00 
293.75 
293.75 
293.25 
294.75 
295.735 
298.00 
298.75 
297.25 
2%0.25 


eS gar 


295.235 
e%2, 0G 
2389.75 
e877 s 
289,00 
289.00 
2a Ss 
291.25 
eFl ved 
294.00 
294.25 
273.350 
292.25 
293.25 
294.50 
294.75 
296.25 


HEAD 


lay esa 
Vey wos 
167.05 
187.03 
187.03 
186.6@ 
186.68 
180.68 
186.68 
186.68 
186.04 
1€a6.68 
186.68 
Ao, 6c 
lS6. 55 
180.33 
lS6n55 
180.64 
186.68 
186.68 
lees 
185.98 
185.98 
LSiGn 55 
[A655 
186.33 
le Giese 
136.55 
1e6.055 
186.33 
186.33 
eG. 55 
166555 
186.33 
186.68 
186.68 
146.55 
165.05 
185.98 
13565 
135.65 
Pa5e65 
185.98 
13S ee7 
164.57 
184.22 
184.57 
184,57 
Lasoo 
ba 3eero 
18 Sc 
184.57 
Lea 257 
1A4.22 
184.22 
184.57 
184.57 
184.57 
184,57 
184.22 


SEG GON  N@:> 


lyk 


PITCH 


1.758 
1.406 
1.406 
1.406 
1.496 
1.406 
1.406 
1.406 
1.406 
1.406 
1.406 
13055 
leeds 5 
1.955 


he 095. 


12055 
1059 
13055 
12355 
1.055 
12055 
L055 
12055 
1.2055 
1055 
L055 
1.406 
1.406 
1.406 
1.406 
1.406 
1.406 
1.406 
12055 
1.400 
1.055 
leo oo 
0.705 
120595 
1.055 
i055 
Qe 70.5 
1.406 
1.306 
1.405 
1.496 
1.255 
1.406 
027903 
1.055 
Po0S5 
1.4956 
120S5 
L055 
ta0S5 
L053 
12055 
1.406 
1.035 
1.955 


ROLL 


0.00 
0.00 
=). 70 
“0.70 
0.00 
0.00 
=e 5 
=e 
-0.70 
“9.70 
=12.05 
=1-05 
-0.70 
-0.70 
“0.35 
=9.55 
=1,.05 
=1,05 
-1..05 
“0.35 
=“0,..55 
“0.35 
=J.70 
“9.70 
=O 7 0 
~0.5 5 
“0.70 
“0.70 
“1.905 
-0.70 
=0.70 
=O 770 
“0.70 
-0.70 
= 370 
ve) 
G2 78 
=(559 
alee. 5 
0,00 
=) 05 
“2.46 
=0...59 
0.70 
O70 
= 99 
“1.40 
a 
0200 
“2.46 
=3,07 
“2.11 
=1.05 
“0.790 
ee | 
=) .05 
=0'.70 
0555 
2.46 
=007 0 


1 ORIGINAL 


NIENG1 


96.68 


94.70 


93.42 


Gece 


93.06 


9351) 


50a eo 


AB .99 


89.23 


G9.78 


B35 2 


Slee7 


94.12 


97.609 


25.00 


NIENG? 


95.25 


93.29 


92.32 


V2wco 


92.04 


S193 


88.47 


Bisoec 


87.68 


a7 wie 


S120 5 


R063 


rere 


95.70 


94.03 


DATA 


NIENGS 


96.01 


94.15 


93.54 


93.45 


93259 


93.08 


89.23 


88.99 


89.08 


69 cle7 


eters 


86.46 


97.29 


Onli 


94.58 





GMT 


elzais 
ened 's 
erzais 
213413 
2 
21341: 
213413 
ers4is 
eres4is 
213413 


OWn TM CWWMW— Oo 


oe 41310 
e1s4icsil 
ec 4izi2 
ee41313 
21s4is14 
es4i:is 
2r241:16 
eeeaisi7 
eas 1316 
euetisil9 
eae se0 
Cale 3c | 
21341322 
euesise3 
21341224 
coal ?tcsS 
21341226 
eeeoiicc 7 
emc41228 
ere 41329 
ems 41:50 
el. ai331 
euee 41332 
eed) 333 
ered: 34 
21:41:35 
aust \: 56 
eur 41 337 
eee) 338 
eu. 41339 
eid): 40 
eredy:34 
ey-ais4e 
eyo: 43 
21341344 
21:41:45 


eyedi:a 


6 


ema? a7 
ers4ui348 
21:41:49 
214241:50 
ec al351 
21:41:52 
ea )9S5 
ee 4i354 
27241:55 
@1-41:56 
eae 1257 
21:41:58 
eee 41359 


LONG 


0.0423 
0.0397 
0,03547 
0.0403 
0.0562 
0.0552 
0.0336 
0.0336 
020556 
0.0336 
0.0341 
O20 551 
050521 
0.03516 
0.0316 
0.0306 
0.0320 
0.0341 
0.0347 
0.0341 
0.0326 
O70 5:01 
0.0260 
0.0235 
0.0219 
0.0230 
O-0es> 
0.0275 
0.0286 
0.9260 
0.0255 
0.0199 
ades0 
0.0219 
0.0219 
0.0597 
0.0270 
0.201358 
0.0174 
0.0062 
0.00 7e 
0.0092 
0.0045 
0.0250 
0.0143 
0.0214 
0.0291 
0.0408 
G0 56 7 
0.0408 
0.0525 
O2c4 V4 
0.0458 
0.0428 
0.0448 
0.0418 
0.0316 
0.0397 
020557 
0.0214 


VERG 


0.9458 
1.0007 
1.0098 
1.0282 
1.0098 
1.0007 
0.9915 
029915 
1.0007 
1.0007 
1.0098 
1.0098 
0.9915 
0.9732 
0.9458 
0.9274 
U-9641 
0.9915 
1.9098 
1.0282 
120375 
1.0098 
0.9641 
0.945A 
0.9306 
0.9641 
0.795 
1.0465 
b.0550 
1.0465 
0.9824 
0.9915 
0.9549 
0.9732 
0.9274 
1.2662 
0.96041 
1.0922 
0.9732 
0.7627 
0007 
0.9041 
0.38634 
1.0922 
0.0417 
0.9732 
e056 
0.9000 
0S75 
0.8542 
1.1014 
0.8725 
1.06048 
0.3258 
betl97 
0.9f2u 
0.9732 
0.9091 
0.9366 
i O92e 


VERG 


0.9824 
1.0098 
0.9915 
(e057 3 
1.00948 
1.0098 
0.7915 
¢.9915 
0.9915 
[..0:0G7 
1.0098 
1.0007 
0.9824 
0.9549 
0.9360 
0.9360 
9.9732 
029615 
1.0190 
le. OFS 725 
L.0v232 
1.06007 
0.9549 
0.94584 
0.9366 
0.9732 
1.0098 
lL20556 
1.0405 
1.0282 
0 $78 
0.9732 
0.9732 
0.9549 
0.9274 
akSos 
Leos 
00,9824 
12/0373 
0.9274 
lL. 10s 
ie2a72 
0.8542 
L338 
0.8634 
1.0098 
09566 
1.0190 
1.9739 
Oe 7e5 
lee02 1 
0.9360 
1.0648 
0.9732 
PeesSso 
L057 
1.0465 
9.909] 
1 20820 
[2 less 


VERG 


VeG3s7 3 
1.0007 
1.0190 
1.0465 
120007 
1.04109 
1.0007 
0.9915 
0007 
ee 0 OF 
1.90098 
125.0:0)0)7 
0.9824 
0.9549 
0.9360 
0.945A 
0.9915 
1.0007 
1.0190 
1.0465 
1.0190 
0.4915 
0.9641 
0.9355 
0.9458 
0.2824 
L.0190 
1.0048 
P0556 
1 0282] 
Pse0575 
0.9641 
0.9915 
059454 
0.9163 
10007 
feos s 
0.,A8A17 
1.0098 
0.9A24 
1.0575 
leeeeOreel 
Ors aan 
Pave 5 | 
1.0007 
1.9648 
OCs s 
1.0190 
0.9732 
0.964] 
Ve0190 
1.0648 
1.0573 
1207-359 
L066 5 
PaO? 
0.9360 
feeue | 
0.9915 
1.1014 


SECTION NO. 


eZ 


VERG 


lee S56 
P.02he 
0.9915 
1.03575 
1.0907 
1.0 007 
0.9915 
0.9915 
oO 007 
1.0007 
1.9098 
Pande 
0.9732 
027549 
0.9366 
0.9458 
0.9915 
1.0098 
1.0190 
POs 75 
1.0190 
059752 
0.9549 
0.9274 
0.9549 
039915 
1.0282 
1.95560 
1.0465 
1.0098 
120098 
0.9732 
0.9915 
0.9274 
W056 
0.91483 
tele 
0.8725 
0.8725 
0.9274 
0.8°0OA 
0.8634 
0.9000 
0.9824 
P2057 
Vell 
0.8176 
1.0556 
0.7443 
1.0465 
0.8817 
Ve ius 
Ps0007 
1.1014 
1.0907 
120375 
0.9091 
Por aG 
lin US0 
0.9091 


LATG 


0.0174 
O05 5 
0.090Se 
0.0336 
0.0174 
O07 15 
OOS 
0.0992 
O70 1S 
O.O0115 
0.0155 
HaCi7s 
0.0092 
9.9174 
0.0135 
Oo. 00 11 
0.0092 
0.0133 
0.0235 
0.9194 
Ove-0 155 
020072 
0.0072 
Oe OneeS 
O.01S5 
0.0155 
0.0133 
O20b1 5 
0.0174 
0.0133 
O05 5 
0.0072 
0.0092 
0.0952 
Veteoo 
9.0499 
sO. 15 
0.9031 
0.0357 
“0.0152 
“0.0091 
0.0296 
0.0540 
0.0092 
0.0052 
=O 201011 
0.0296 
0.0°06 
=)- 0.1 Se 
“0.0274 
0.09133 
O OMe 4 
0.0397 
U.U00T 1 
0.0031 
020556 
9.90Se 
0.0296 
“0.0030 
“0.0274 


LATG 


9.0214 
“0.0070 
0.0194 
0.0296 
0.0174 
0.0113 
0.01355 
O.0155 
GO .0el3 
0.0092 
0.01753 
0.0133 
0.0755 
9.0214 
Oe Orla 
0.9031 
0.01353 
Ve 0 oS 
0.0194 
O70 oe 
O.0lls 
0.0092 
0.0092 
O.G1135 
o201S3 
0.0133 
0.0 TNS 
0.0153 
0.0174 
0.0133 
020115 
0.0174 
0.0072 
0.0113 
0.0214 
OO Scr 
“9.0030 
OO FS 
v0 1355 
Ore ent o 
-() .009] 
0.0315 
0174 
0,0 ss 
0.0092 
0.001! 
0.0561 
O..02 55 
“0.0152 
“0.0498 
0.0316 
0.0235 
0.0214 
“0.0152 
0.0255 
U2 O 1s 
“0.0050 
0.0479 
020577 
“0.9091 


LATG 


0.0052 
0.0011 
0.0235 
0.0255 
C2011 S 
0.0133 
Oe Oness 
0.0992 
OOS 
0.9113 
O201S3 
0 ees 
O17 4 
0.0174 
0.0072 
0.0031 
0.0113 
0-021 4 
020es5 
0.0194 
0.0135 
0.9072 
0.0092 
Os0T1TS 
0.0133 
0.0155 
0-013 
0.0133 
0 e074 
0.01353 
0.0072 
0.0174 
0.0972 
0.0194 
o2Ue oo 
0.0418 
On 0.051 
050259 
0.0174 
-()}.0091 
0.0214 
0.0804 
Co00Se2 
20255 
“0.01/72 
“0.0070 
O.0io2 1 
C201 74 
“0.0576 
“0.0355 
O50 17 
020557 
0.0133 
“0.0030 
0.0194 
9.0072 
“0.9233 
0.0601 
0.0952 
0.0072 


2 ORIGINAL DATA 
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